Functional analysis of ketoacyl synthase and dehydratase domains from a PUFA synthase of Thraustochytrium in Escherichia coli and Arabidopsis thaliana by Xie, CICI 1988-
 0
 
 
 
 
Functional analysis of ketoacyl synthase and dehydratase 
domains from a PUFA synthase of Thraustochytrium in 
Escherichia coli and Arabidopsis thaliana 
 
A Thesis Submitted to the College of 
Graduate and Postdoctoral Studies 
in Partial Fulfilment of the Requirements 
for the Degree of Doctor of Philosophy 
in the Department of Food and Bioproduct Sciences 
University of Saskatchewan 
Saskatoon, Saskatchewan, Canada 
By 
Xi Xie 
2019 
 
 
 
 
 © Copyright Xi Xie, August 2019. All rights reserved. 
  
 
 i 
 
PERMISSION TO USE 
 
In presenting this thesis in partial fulfillment of the requirements for a Postgraduate degree 
from the University of Saskatchewan, I agree that the Libraries of this University may make it 
freely available for inspection. I further agree that permission for copying of this thesis in any 
manner, in whole or in part, for scholarly purposes may be granted by the professor or professors 
who supervised my thesis work or, in their absence, by the Head of the Department or the Dean of 
the College in which my thesis work was done. It is understood that any copying or publication or 
use of this thesis or parts thereof for financial gain shall not be allowed without my written 
permission. It is also understood that due recognition shall be given to me and to the University of 
Saskatchewan in any scholarly use which may be made of any material in my thesis/dissertation.  
Requests for permission to copy or to make other use of material in this thesis in whole or 
part should be addressed to:  
Head  
Department of Food and Bioproduct Sciences  
University of Saskatchewan  
Office 3E08, Agriculture Building  
51 Campus Drive  
Saskatoon, Saskatchewan, 
Canada  
or  
Dean College of Graduate and Postdoctoral Studies University of Saskatchewan 116 
Thorvaldson Building, 110 Science Place  
Saskatoon, Saskatchewan S7N 5C9  
Canada  
 
 
 
 ii 
 
ABSTRACT 
 
Polyunsaturated fatty acid (PUFA) synthase in Thrasustochytrium comprises three 
subunits, each with multiple catalytic domains. Among these domains, ketoacyl synthase (KS) and 
dehydratase (DH) domains play critical roles in retaining and introducing double bonds during the 
biosynthesis of very long chain polyunsaturated fatty acids (VLCPUFAs). To functionally analyze 
these domains, two putative KS domains (KS-A: KS domain from subunit-A and KS-B: KS 
domain from subunit-B) of the PUFA synthase were dissected and expressed as standalone 
enzymes in E. coli. The results showed that both KS-A and KS-B domains could complement 
defective phenotypes of E. coli FabB and FabF mutants, but the mutagenized ones where the 
active site cysteine residue was replaced by lysine could not. Overexpression of these domains 
individually in a wild type E. coli strain increased fatty acid production. Particularly, expression 
of KS-B domain produced a higher ratio of unsaturated fatty acids (UFAs) to saturated fatty acids 
(SFAs), while expression of KS-A improved the overall production of SFAs more effectively. 
These results imply that KS-A is more comparable to E. coli FabF, while KS-B is more similar to 
E. coli FabB in catalytic function.  
To further characterize the KS domain from the subunit-B of the PUFA synthase, plastidial 
expression of this domain in Arabidopsis thaliana was conducted. The results showed that it could 
functionally complement the defective growth phenotypes of AtKASI knockout mutant generated 
using CRISPR/Cas9. Expression of the KS domain under a seed specific promoter in wild type 
Arabidopsis could significantly enhance seed weight and seed oil, and promote seed germination 
and seedling growth. These results indicate that the main condensation process of fatty acid 
biosynthesis in plants might be a limiting step and overexpression of the KS domain from a PUFA 
synthase of microbial origin may offer a new strategy to increase oil production in oilseed crops.  
To functionally characterize the DH domains of the PUFA synthase, one DH domain from 
subunit-A (DH-A) and two DH domains from subunit-C (DH1-C and DH2-C) were dissected from 
the synthase and expressed as standalone proteins in both mutant and wild type E. coli strains. 
Expression of DH domains in a temperature sensitive mutant (FabA) defective in 3-hydroxyacyl-
ACP dehydratase activity showed that all these DH domains could complement the defective 
growth phenotype. Overexpression of DH domains drastically altered the fatty acid production and 
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the ratio of unsaturated to saturated fatty acids. These results  indicate that the DH domain from 
subunit-A is comparable to DH domains of polyketide synthases, while the DH domains from 
subunit-C are more similar to E. coli FabA in catalytic function. Successful complementation and 
functional expression of the embedded KS and DH domains from the PUFA synthase in E.coli and 
Arabidopsis is an important step forwards for elucidating the molecular mechanism in the 
biosynthesis of VLCPUFAs catalyzed by the PUFA synthase in Thraustochytrium and offers 
strategies for metabolic engineering of the anaerobic pathway in heterologous systems to produce 
specialty fatty acids for nutritional and industrial uses. 
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CHAPTER 1. INTRODUCTION 
 
1.1 Overview  
Very long chain polyunsaturated fatty acids (VLCPUFAs) such as docosahexaenoic acid 
(DHA, 22:6n-3), arachidonic acid (ARA, 20:4n-6) and eicosapentaenoic acid (EPA, 20:5n-3) are 
well established as nutraceutical compounds for human health and nutrition. Clinical studies have 
shown that these fatty acids play important roles in retinal and neuronic development, chronic 
disease prevention, and cell homeostasis maintenance. For example, DHA, one of the most 
abundant fatty acids in the rod outer segment of retina, is involved in rhodopsin activation and rod 
and cone development (Giusto et al., 2000, German et al., 2015). DHA and ARA, the components 
of cell membrane of nervous and immune systems, have important roles in maintaining normal 
neurological activity and immune function (Crawford et al., 1997; Sprecher, 2002). In addition, 
DHA and ARA, precursors for bioactive compounds such as docosanoids and eicosanoids, are 
involved in mediating various physiological activities (Serhan, 2005; Ridi et al., 2010). Moreover, 
DHA, a ligand for transcriptional factors, can regulate the expression of numerous genes in human 
cells (Diep et al., 2000). 
In nature, VLCPUFAs are synthesized through two distinct pathways. In the aerobic 
pathway that mainly occurs in eukaryotes, double bonds of VLCPUFAs are introduced by 
oxygenic desaturations on existing long chain fatty acids (LCFAs) catalyzed by front-end 
desaturases such as ∆re synthesized through two distinct in animals and microorganisms, and 
methyl-end desaturases such as ω3-, ∆ 12-, and ∆ 15-desaturases in plants and microorganisms. In 
the anaerobic pathway that mainly occurs in oceanic microbes, VLCPUFAs are de novo 
synthesized by a polyunsaturated fatty acid (PUFA) synthase and double bonds are introduced 
during the acyl chain-extending process without the involvement of any aerobic desaturations. 
PUFA synthase with multiple domains such as ketoacyl synthase (KS), ketoacyl reductase (KR), 
dehydratase (DH) and enoyl reductase (ER) as well as malonyl-acetyl transferase (MAT) and acyl 
carrier protein (ACP) catalyzes a series of chemical reactions such as condensation (by KS 
domain), ketoacyl reduction (by KR domain), dehydration (by DH domain) and enoyl reduction 
(by ER domain) of an acyl chain repeatedly during synthesis. Among these catalytic domains, KS 
and DH domains play key roles for positioning double bonds in VLCPUFAs.  
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Thraustochytrium sp. 26185, a marine unicellular protist, can produce a high level of 
nutritionally important VLCPUFAs such as docosapentaenoic acid (DPA, 22:5n-6) and DHA. Our 
earlier research identified a few front-end desaturases such as ∆4- and ∆5-desaturases and a 
number of ELO type elongases in the aerobic pathway in this protist (Qiu et al., 2001; Wu et al., 
2005),  Our recent genomic survey, heterologous expression and in vivo feeding experiments 
showed that two critical desaturation steps (∆9 and ∆12 desaturations) in the pathway were absent 
and the anaerobic pathway catalyzed by a PUFA synthase was solely responsible for DHA 
biosynthesis in Thraustochytrium (Meesapyodsuk & Qiu, 2016). Similar to those from other 
marine microbes (Gong et al., 2014; Okuyama et al., 2007; Ruiz-López et al., 2012), the PUFA 
synthase from Thraustochytrium is a mega-enzyme which comprises multiple catalytic domains. 
However, the exact functions of these domains in the biosynthesis of VLCPUFAs are unknown. 
This thesis research aimed to functionally analyze two types of domains (KS and DH) of the PUFA 
synthase by heterologous expressions in Escherichia coli and Arabidopsis thaliana.  
1.2 Hypothesis 
The DHA biosynthesis by a PUFA synthase in Thraustochytrium involves the coordinated 
activity of multiple catalytic domains. Among these domains, KS and DH domains are important 
for positioning double bonds during the biosynthetic process. Particularly, the KS domains are 
able to catalyze the condensation of unsaturated acyl-ACP with malonyl-ACP, resulting in 
retaining a double bond in the acyl chain. On the other hand, the DH domains can catalyze the 
specific dehydration of hydroxyacyl-ACP to introduce a cis double bond in the acyl chain. 
Coordination of these two types of domains can position multiple double bonds in VLCPUFAs 
intricately. Moreover, KS and DH domains of the PUFA synthase can cooperate with other 
components of type II fatty acid synthase for fatty acid synthesis in bacteria and plants.  
1.3 Objective 
The overall objective of this research was to elucidate the catalytic mechanism of a PUFA 
synthase for the DHA biosynthesis in Thraustochytrium. The specific objectives were to 
functionally characterize KS domains and DH domains of the PUFA synthase from 
Thraustochytrium in E. coli and Arabidopsis by complementation test and overexpression. 
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CHAPTER 2. LITERATURE SURVEY 
 
2.1 Introduction of fatty acids 
2.1.1 Chemical structure 
Fatty acid consists of a hydrocarbon chain with a carboxyl group at one end and a methyl 
group at the other. The acidic carboxyl group reacts readily with a hydroxyl group to form an ester 
linkage (Arild & Drevon, 2006). Fatty acids can be esterified to glycerol backbone, becoming the 
important part of glycerolipids, such as triacylglycerols (TAGs) and phospholipids. Phospholipids 
are the main constituents of biological membranes. Common phospholipids found in membranes 
include phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 
diphosphatidylglycerol and phosphatidylinositol (PI). Sphingolipids are another class of lipids 
derived from aliphatic amino alcohol sphingosine, a product from the condensation of serine and 
palmitic acid (16:0). Sphingosine can be bonded to a fatty acid (FA) through an amide-linkage and 
to a head group such as phosphocholine through ester-linkage, giving a sphingomyelin (Spener et 
al., 2013). 
2.1.2 Nomenclature 
Fatty acid can have a trivial name, a systematic name, or be named according to ‘’ and 
‘ω’ notation (Figure 2.1). In the trivial nomenclature, each fatty acid has a name without detailed 
structural information, e.g. arachidonic acid (20:4n-6). However, trivial names may cause 
confusion between two fatty acids sharing the same or similar name with different structures. For 
example, arachidonic acid and arachidic acid (20:0) have similar names, but their structures are 
very different. Different from the trivial nomenclature, the systematic nomenclature names fatty 
acids according to the number of carbon atoms, and the number of double bonds and their positions 
relative to the carboxyl group of an acyl chain. For instance, a 16-carbon saturated fatty acid 
palmitic acid (trivial name) is hexadecanoic acid (systematic name), and a 22-carbon VLCPUFA 
cervonic acid (trivial name) is written as cis-4,7,10,13,16,19-docosahexaenoic acid (systematic 
name). The ‘ω’ or ‘’ notation is regularly used for naming unsaturated fatty acids based on the 
location of double bonds. The ‘ω’ naming system marks the first double bond location counting 
from the methyl end, while the ‘’ naming system marks the double bond locations from the 
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carboxyl end. For example, arachidonic acid is written as 20:4n-6. This means it has the chain 
length of 20 carbons, and four double bonds with the first double bond at the sixth carbon counting 
from the methyl end (n-6). The ‘n’ or ‘ω’ notation for naming fatty acids is useful when considering 
fatty acid biosynthesis, as fatty acids are extended at the carboxyl end and the location of the last 
double bond from the methyl end remains unchanged during the synthetic process.  
 
 
 
Figure 2.1 Nomenclature of VLCPUFAs. ∆ notation, carbon numbering starts from carboxyl 
end; ‘n’ or ‘ω’ notation, carbon numbering starts from methyl end. 
 
 
2.2 Very long chain polyunsaturated fatty acids 
Very long chain polyunsaturated fatty acids (VLCPUFAs) are the fatty acids with the chain 
length longer than 18 carbons and two or more double bonds. According to the last double bond 
location, VLCPUFAs can be classified into two groups. The first group is named ω-3 (or 
alternatively n-3) fatty acids that have the last double bond at the third carbon away from the 
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methyl (CH3) end, while the second group is named ω-6 (or alternatively n-6) fatty acids that have 
the last double bond at the sixth carbon away from the methyl end.  
2.2.1 Omega-6 VLCPUFAs 
Omega-6 VLCPUFAs are a group of polyunsaturated fatty acids (PUFAs) longer than 18C 
with the last double bond at the sixth carbon counting from the methyl end. As compared to ω-3 
fatty acids, ω-6 fatty acids are more widely found in our diet with refined vegetable oils and foods 
cooked in vegetable oils. The most abundant ω-6 fatty acids from food are linoleic acid (LA) and 
gamma-linolenic acid (GLA). After consumption, these PUFAs can be easily metabolized to ω-6 
VLCPUFAs by elongases and desaturases in humans following Δ6 desaturation → Δ 6 elongation 
→ Δ5 desaturation pathways, yielding dihomo-gamma-linolenic acid (DGLA) and ARA. DGLA 
and ARA are also found in a number of lower living species including bacteria, fungi, microalgae, 
macroalgae, lichens and some lower plants (Shanab et al., 2018). 
2.2.2 Omega-6 VLCPUFAs and human health 
In recent years, ω-6 VLCPUFAs, especially ARA, have drawn public attention, as some 
clinical results indicate too much of these fatty acids might have undesirable effects on human 
health. ARA is the most abundant ω-6 VLCPUFA in humans with multiple physiological activities 
(Tallima & El, 2018). Firstly, ARA affects membrane fluidity which in turn influences the 
functions of membrane proteins, and lots of those are involved in cellular signaling. In addition, 
ARA can be metabolized to eicosanoids (prostanoids and leukotrienes) with pro-inflammatory 
activity through oxygenated processes that can regulate many physiologic processes (Sprecher, 
2002). Several reports indicate that ω-6 VLCPUFAs, especially free ARA, may possess 
tumoricidal activity, and promotes the production of free radicals through a lipid peroxidation 
process (Ridi et al., 2010). Prostaglandins derived from ARA contribute to neuroinflammation, 
and facilitate the development of Alzheimer's disease (Kulmacz, 1998; Rink & Khanna, 2010).  
2.2.3 Omega-3 VLCPUFAs          
Omega-3 VLCPUFAs are another group of VLCPUFAs with the last double bond at the 
third carbon counting from the methyl end. Some of ω-3 VLCPUFAs, such as EPA and DHA, 
have received growing attention due to their health benefits for humans and animals. Two sources 
of EPA and DHA exist in nature: one is oceanic fish and the other is marine microorganisms 
including bacteria, microalga and fungi. Currently, fish population in oceans is declining due to 
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the uneven frequency of El Nino, environmental contamination and overfishing. Therefore, marine 
microorganisms are an increasingly important source for ω-3 VLCPUFAs. Microbial single-cell 
oils including oil from protist Thraustochytrid have become one of the significant segments within 
ω-3 ingredient market in recent years. Compared to the fish source of ω-3 VLCPUFAs, the 
microbial source of ω-3 VLCPUFAs has several advantages. The fish oil possesses poor oxidative 
stability, while the oil from microorganisms is more stable. The fish oil is usually accompanied 
with unpleasant odor and taste, while the oil from microorganisms does not have the problem. 
Additionally, ω-3 VLCPUFAs-producing microorganisms are more readily grown than fish under 
a controlled environment. More importantly, unlike microorganisms, fish generally do not de novo 
synthesize DHA and rely on DHA-containing feeds for growth and development. The microbial 
source of ω-3 VLCPUFAs is more sustainable (Sprague et al., 2017).  
2.2.4 Omega-3 VLCPUFAs and human health       
2.2.4.1 Docosahexaenoic Acid 
Among ω-VLCPUFAs, DHA may be the most important  ω-3  fatty acid for human health.  
DHA is a VLCPUFA with 22-carbon atoms and six cis-double bonds positioning at 4, 7, 10, 13, 
16, 19 carbons counting from the carboxyl end.  It belongs to ω-3 PUFAs as it has the last double 
bond located at the third carbon from the methyl end (Figure 2.2).  
 
 
 
Figure 2.2 Structure of DHA. 
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DHA is an essential fatty acid for human health. Firstly, DHA is an imperative component 
of neuron, retina and immune cells. In retina, DHA is the most abundant fatty acid in rod outer 
segment, the photosensitive part of photoreceptor cells. It is involved in signal transduction, 
rhodopsin activation, and rod and cone development. In nervous system, DHA is the structural 
component of synaptic membranes, playing an important role in the maintenance of normal neural 
function (Crawford et al., 1997; Sprecher, 2002). In brains, DHA is the major fatty acid 
accumulated in cortical gray matter, the functional part for executing physical and physiological 
activities. The growth of cortical gray matter has positive effects on sensorimotor integration, 
attention-executive function and memory (McNamara, 2014). In addition, DHA is the precursor 
for bioactive compounds docosanoid neuroprotectin D1 (NPD1) that is involved in mediating 
various physiological activities. Synthesis of NPD1 occurs mainly in response to oxidative stress 
and/or neurotrophin activation for the homeostatic maintenance of cellular integrity. NPD1 
promotes neuronal and/or photoreceptor cell survival, modulates inflammatory signaling cascades 
and prevents brain damage (Niemoller & Bazan, 2010). Thirdly, DHA is a key biological 
modulator for gene expression. The expression regulation by DHA occurs mainly at the 
transcriptional level by activating a few nuclear transcriptional factors. Therefore, maintaining an 
optimal level of DHA in human body is critical and the deficiency would have serious 
consequences on human health such as hypertension, arthritis, arteriosclerosis, thrombosis, 
Alzheimer’s disease, type 2 diabetes, dementia and attention deficit-hyperactivity disorder (Ajith 
& Jayakumar, 2019; Daiello et al., 2015; Newell et al., 2017; Vandongen et al., 1993; Wu et al., 
2012). 
2.2.4.2 Other ω-3 VLCPUFAs 
Other ω-3 VLCPUFAs such as EPA and DPA (22:5n-3) are considered to be important for 
health and wellbeing of humans and animals as well. Some clinical and epidemiological results 
indicate these ω3-VLCPUFAs have potential in preventing or treating diseases such as myocardial 
infarction, bronchial asthma, bowel inflammation, depression and certain types of cancers 
(Niemoller & Bazan, 2010; Freedman et al., 2004; Vandongen et al., 1993; Kobayashi et al., 2004). 
For example, EPA can be converted to beneficial bioactive eicosanoids for modulating blood 
pressure and blood coagulation and inflammatory and immunological reactions. Some ω3-
VLCPUFAs have also been shown to reduce de novo lipogenesis in rat livers, and decrease 
oxidative stress by lowering the activity of superoxide dismutase and glutathione peroxidase 
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(Neschen et al., 2002; Ruiz-Gutierrez et al., 1999; Rustan et al., 1988). It is generally believed that 
the ω3-VLCPUFA concentration in brains declines along with aging, which is accompanied by a 
decrease in neuronal survival and synaptic density, and loss of both gray and white matter volume 
as well as reduction of cognition (Masliah et al., 1993; Moretti et al., 2012).  
2.3 VLCPUFA biosynthesis 
In nature, the biosynthesis of VLCPUFAs, including DHA, goes through two distinct 
pathways, aerobic pathway and anaerobic pathway according to whether it requires molecular 
oxygen during the biosynthetic process (Qiu, 2003). 
2.3.1 Aerobic pathway 
DHA biosynthesis in the aerobic pathway usually occurs in cytosol and endoplasmic 
reticulum on long chain fatty acid precursors through alternating desaturation and elongation. 
Double bonds are introduced by an oxygenic desaturation process (Figure 2.3). The biosynthetic 
process involves sequential additions of double bonds to a saturated fatty acid, mainly 18:0, by 
Δ9 and Δ12 desaturases to produce LA (18:2n-6), which can then be further desaturated by Δ15 
desaturase to give an ALA (18:3n-3). ALA is then metabolized to DHA following Δ6 
desaturation → 6 elongation → Δ5 desaturation → 5 elongation → Δ4 desaturation in some 
marine microorganisms (Abe et al. 2006; Kajikawa et al. 2004; Meesapyodsuk & Qiu 2014; Qiu 
et al. 2001; Shanab et al. 2018; Tavares et al. 2011; Ye et al. 2015). However, in mammals, 
DHA cannot be synthesized from saturated and monounsaturated long chain fatty acids due to 
the absence of Δ12 and Δ15 desaturases. Therefore, the precursor ALA must be obtained from 
diets for DHA synthesis. Biosynthesis of EPA, a precursor for DHA in mammals, can be 
achieved by Δ6 desaturation of ALA to produce stearidonic acid (SDA, 18:4n-3) that is then 
elongated to eicosatetraenoic acid (ETA, 20:4n-3), followed by Δ5 desaturation. After that, EPA 
is elongated twice to tetracosapentaenoic acid (TPA, 24:5n-3). This fatty acid is then desaturated 
by Δ6 desaturase to tetracosahexaenoic acid (THA, 24:6n-3) which undergoes one circle of β-
oxidation, giving rise to DHA (Bazinet & Layé, 2014; Sprecher, 2002; Uauy et al. 2000). 
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Figure 2.3 The aerobic (desaturation and elongation) pathway for DHA biosynthesis in 
Thraustochytrium and mammals (Adapted from (Qiu, 2003)). SA, Stearic acid; OA, Oleic acid; 
LA, Linoleic acid; ALA, α-Linolenic acid; SDA, Stearidonic acid; ARA, Arachidonic acid; EPA, 
Eicosapentaenoic acid; DPA, Docosapentaenoic acid; DHA, Docosahexaenoic acid; TPA, 
Tetracosapentaenoic acid; THA, Tetracosahexaenoic acid. 
 
 
2.3.1.1 Key enzymes in the aerobic pathway 
In the aerobic pathway, desaturases and elongases are two key types of enzymes in 
producing VLCPUFAs.  
Fatty acid desaturase 
Fatty acid desaturase is the enzyme that can remove two hydrogen atoms from a fatty acid 
chain by using molecular oxygen as a cofactor, introducing a carbon-carbon double bond (Shanklin 
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& Cahoon, 1998). Desaturases are categorized as Δ-x desaturases that introduce a double bond at 
carbon position x counting from the carboxyl end of a fatty acid; or ω-y desaturases that introduce 
a double bond at carbon position y counting from the methyl end (Hitz et al., 1994; Yadav et al., 
1993). Thus, each desaturase introduces a double bond at specific positions in a fatty acid and 
named accordingly. For example, Δ9 desaturase can introduce a double bond at the 9th position 
from the carboxyl end. In mammal, there are two Δ-x desaturases, Δ5 and Δ6 desaturases, in the 
biosynthesis of DHA, while in microorganisms, both Δ-x and ω-y types of desaturases including 
Δ4, Δ5, Δ6, Δ9, Δ12 and Δ15 desaturases participate in the biosynthesis of VLCPUFAs in the 
aerobic pathway. 
Fatty acid elongases 
Fatty acid elongases are a kind of enzymes that produce very long chain fatty acids by 
elongating fatty acid precursors. Elongases cooperate with fatty acid desaturases to generate very 
long chain polyunsaturated fatty acids (Jump, 2009). Catalytic functions of elongases and fatty 
acids synthases (FAS) are similar in extending the fatty acid chain by two carbons each cycle. 
However, two differences exist between them: (1) the intermediates of elongases are bound to 
coenzyme A (CoA), while FAS substrates are acyl-ACP.  (2) FAS synthesizes long chain fatty 
acids from acetate, while elongases extend long chain fatty acids that are synthesized by FAS 
(Campbell & Nikolau, 2011). 
2.3.2 Anaerobic pathway 
Anaerobic pathway is an alternative pathway for VLCPUFA synthesis, which only occurs 
in microorganisms. In this pathway, double bonds are introduced during an acyl chain-extending 
process, rather than by aerobic desaturation. DHA biosynthesis in the anaerobic pathway is 
catalyzed by PUFA synthase, a polyketide synthase (PKS)-like mega-enzyme. PUFA synthase in 
microorganisms comprises one or more units and each unit may contain multiple domains such as 
KS, KR, DH, ER, AT, MAT and ACP. These domains work coordinately for catalyzing 
VLCPUFA synthesis through a repetitive cycle of reactions including: condensation, 
ketoreduction, dehydration and enoyl-reduction (Figure 2.4). PUFA synthases have been found in 
marine bacteria and unicellular eukaryotes such as Schizochytrium and Thraustochytrium. 
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Figure 2.4 The anaerobic pathway for DHA biosynthesis (Meesapyodsuk & Qiu, 2016). ACP, 
acyl carrier protein; KS, 3-ketoacyl-ACP synthase; KR, 3-ketoacyl-ACP reductase; DH, 3-
hydroxyacyl-ACP dehydratase; ER, enoyl-ACP reductase. 
 
 
2.3.2.1 Principal domains in PUFA synthase 
PUFA synthase is a mega-enzyme comprising multiple catalytic domains with specific 
functions. Understanding the role of each domain is important for elucidating the mechanism for 
the biosynthesis of VLCPUFAs by the synthase. 
ACP domain 
ACP domains function in shuttling substrates among the active sites of the synthase 
domains. ACP carries an acyl chain through a thioester linkage to a phosphopantetheinyl group 
(Ppant). The Ppant group functions as an arm to deliver an acyl-chain to the active sites of 
individual catalytic domains such as KS domain for elongation, KR domain for ketoreduction, DH 
domain dehydration, and ER domain for enoyl reduction. Therefore, ACP domain participates in 
all the catalytic reactions (Quadri et al., 1998). 
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KS domain 
KS domains are the key domains of a PUFA synthase catalyzing the condensation between 
a growing acyl chain in the form of an acyl-S-KS complex and an extender unit malonyl-S-ACP. 
Some of the KS domains can form a heterodimer (KS/CLF) with chain length factor (CLF) that is 
a catalytically inactive version of a KS domain. The interface of the KS-CLF dimer may define 
the size of a substrate-binding channel (Witkowski et al., 2002; Xu et al., 2013). 
KR domain 
A KR domain in a PUFA synthase is able to stereospecifically reduce the keto group of β-
ketoacyl-ACP intermediate. This reaction is catalyzed by the activity of NAD(P)+/NAD(P)H-
dependent oxidoreduction. Interestingly, the activity displays stereospecificity towards substrates. 
The active site fixes the β-carbon relative to NADPH geometrically and facilitates a stereospecific 
attack by the hydride. Some X-ray crystal structure analysis reveals that specific residues of KR 
domain may control stereospecificity by guiding the entry of substrates into the active site groove 
from different sides (Kavanagh et al., 2008; Keatinge-Clay, 2007). 
DH domain 
DH domains are categorized into two types, one is PKS-like DH, and the other is FabA-
like DH according to sequence and function (Leesong et al.,1996; Li et al., 2015.). PKS-like DHs 
catalyze the dehydration of a hydroxyacyl intermediate, producing a trans double bond between α 
and β-carbon, which will be reduced by enoyl-reductase activity. However, FabA-like DH 
functions as a bi-functional enzyme. It, likes PKS-like DH, can catalyze the dehydration of a 
hydroxyacyl intermediate introducing a double bond between α and β-carbon, meanwhile, it can 
also switch configuration from trans to cis configuration and change position of the double bond. 
A DH domain possesses a double hotdog fold, mimicking a homodimer structure formed by FabA 
or FabZ from E. coli.  
ER Domain 
ER domain in PUFA synthase is able to catalyze the reduction of enoyl-ACP to saturated 
acyl-ACP. It employs NADPH to stereoselectively reduce trans-α, β double bond generated by 
DH. Compared to the other domains, ER has the least structural and functional information (Yin 
et al., 2001; Ames et al., 2012).  
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Other domains 
Except for these key domains, there are some other domains in PUFA synthase including 
MAT domain and AT domain. The MAT domain catalyzes the transfer of malonyl-CoA to 
malonyl-ACP as an extender unit for condensation reactions (Maier et al., 2006). The AT domain 
may participate in the last step of fatty acid production by cleaving the thioester bond of final acyl-
ACP to release the free fatty acid (Lomakin et al., 2007). 
2.4 VLCPUFA biosynthesis in Thraustochytrium 
2.4.1 Thraustochytrium 
Thraustochytrium is a unicellular protist producing a high level of DHA in storage lipids. 
It is a good model for us to learn more about DHA biosynthesis for several reasons: (1) there are 
a large number of Thraustochytrium species in nature; (2) many species of Thraustochytrium 
produce a high level of lipids as part of their biomass; (3) some species of Thraustochytrium 
produce a large amount of VLCPUFAs, particularly DHA.  
2.4.2 Aerobic pathway for DHA biosynthesis in Thraustochytrium 
Our earlier research indicates that an aerobic pathway exists in this species for the 
biosynthesis of VLCPUFAs, and DHA can be synthesized through a final desaturation by Δ4 
desaturase (Qiu et al., 2001). Our recent research indicates although ∆4, ∆5, ∆6 and ω3-desaturases 
as well as a number of ELO type elongases are found in Thraustochytrium, two critical 
desaturation steps, ∆9 and ∆12 desaturations are absent in the protist (Zhao, et al., 2016). Therefore, 
the aerobic biosynthetic pathway of VLCPUFAs is believed to be incomplete and inefficient in 
Thraustochytrium (Meesapyodsuk & Qiu, 2016). 
2.4.3 Anaerobic pathway for DHA biosynthesis in Thraustochytrium 
The anaerobic pathway for the biosynthesis of VLCPUFAs in the protist was identified 
through genome sequencing, in vitro and in vivo assays. A series of evidence shows that it is the 
dominant and complete pathway for the biosynthesis of VLCPUFAs catalyzed by a PUFA 
synthase in Thraustochytrium (Meesapyodsuk & Qiu, 2016). Similar to those from other marine 
microbes (Gong et al., 2014; Okuyama et al., 2007; Ruiz-López, et al., 2012), the PUFA synthase 
from Thraustochytrium sp. 26185 functions as a mega-enzyme which comprises three subunits 
each with multiple catalytic domains and the biosynthesis of VLCPUFAs takes place through the 
 14 
 
cooperation of these catalytic domains. However, the detailed mechanism for VLCPUFA 
biosynthesis by the PUFA synthase and intricate positioning of multiple double bonds in 
VLCPUFAs is unknown.  
2.5 Ketoacyl-ACP synthase  
Ketoacyl-ACP synthase is an enzyme catalyzing the Claisen condensation during the fatty 
acid biosynthesis (Janine et al., 2014). The first condensation occurs between acetyl-CoA/ACP 
and malonyl-ACP giving β-ketobutyryl-ACP with two carbon extension on the starting precursor. 
According to the existing form of these enzymes, ketoacyl-ACP synthase can be categorized into 
two types, one works as an individual enzyme in type II FAS complex, and the other functions as 
an embedded domain in mega-enzymes such as type I FAS, PKS and PUFA synthase. 
2.5.1 Ketoacyl-ACP synthase in type II FAS 
Ketoacyl-ACP synthase is a soluble and enzymatic component in type II FAS system that 
mainly occurs in bacteria and plants.  
2.5.1.1 Ketoacyl-ACP synthase in bacteria 
In bacteria, type II FAS is located in cytoplasm and comprises a few components such as 
ketoacyl-ACP synthase, hydroxyacyl-ACP dehydratase, ketoacyl-ACP reductase, enoyl-ACP 
reductase and ACP. Ketoacyl-ACP synthase comes with three types: ketoacyl-ACP synthase III 
(FabH), ketoacyl-ACP synthase I (FabB) and ketoacyl-ACP synthase II (FabF). FabH catalyzes 
the initial condensation using an acetyl-CoA/ACP as a primer and malonyl-ACP as an extender. 
FabB catalyzes elongation of fatty acids with chain length from 4 to 14 carbons (White et al., 
2005). FabF has elongation activity with C4 to C14 acyl-ACPs as well. However, it possesses the 
preference to C16 substrates (C16:0 or C16:1) and exhibits higher activity at lower temperature 
(Lee et al., 2013). Different from FabF, FabB plays an essential role in UFA biosynthesis in 
bacteria. As desaturases are absent in most of bacteria, UFAs are synthesized by type II FAS 
system. A double bond is introduced into the growing acyl chain with 10 carbons by FabA, forming 
a 3-cis-decenoyl-ACP. FabB retains the double bond by elongating cis-3-decenoyl-ACP to 3-keto, 
5-cis-dodecenoyl-ACP. Thus, the condensation step catalyzed by FabB is a rate-limiting step in 
UFA synthesis, and determines cellular UFA content in bacteria (Lu et al., 2004). Deletion of 
FabB gene leads to auxotroph, as unsaturated fatty acids are essential for E. coli (Rosenfeld et al., 
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1973). Overexpression of FabB alters the ratio of UFAs to SFAs, and co-expression of FabB, FabA 
and thioesterase significantly enhances UFA production in E.coli (Cao et al., 2010).  
2.5.1.2 Ketoacyl-ACP synthase in plant 
In plant, components of type II FAS locate in plastids and they share amino acids sequence 
similarity to those present in bacterial species. Similarly, ketoacyl-ACP synthases are categorized 
into three types: ketoacyl-ACP synthase I (KASI), ketoacyl-ACP synthase II (KASII) and ketoacyl-
ACP synthase III (KASIII). The first condensation of acetyl-CoA with malonyl-ACP to 3-
ketobutyryl-ACP is catalyzed by KASIII. Subsequent condensations from C4 to C16 are catalyzed 
by KASI and the final condensation from C16 to C18 catalyzed by KASII. 
KASI 
KASI plays a central role in fatty acid biosynthesis in plant. It catalyzes the main 
condensation steps from C4 to C16 and deficiency of KASI activity affects the final fatty acid 
production and results in a significant change in membrane lipid composition and multiple 
morphological defects including chlorotic and curly leaves, reduced fertility, semi-dwarfism and 
abnormal growth of mesophyll cells (Wu & Xue, 2010). Thus, KASI gene is a target of several 
transcriptional factors regulating lipogenesis in plants. For example, the positive transcription 
factors such as WRINKLED1 (WRI1), FUSCA3 (FUS3) and LEC1-like proteins can bind to the 
promoter region of KASI to activate the expression of KASI for increasing fatty acid and TAG 
biosynthesis (Manan et al., 2017; To et al., 2012). The repressor such as MYB89 can bind to the 
promoter regions to down-regulate KASI gene expression (Li et al., 2017).  
2.5.2 KS domain  
KS domains are the embedded domains in mega-enzymes such as type I FAS, PUFA 
synthase and PKS exhibiting keto-acyl-ACP synthase activity. KS domain normally functions as 
a dimer to catalyze a condensation process (Xu et al., 2013). They are highly conserved and share 
sequence similarity to those discrete ketoacyl-ACP synthases. Each KS domain possesses a 
thiolase fold with α/β/α/β/α architecture and the condensation activity is conferred within the 
dimerized KS domains. The substrate binding tunnels extend from the active site along the dimer 
interface. The catalytic machinery is comprised of the catalytic triad with a cysteine residue and 
two histidine residues (White et al., 2005). The reactive cysteine is positioned at a “nucleophilic 
elbow”, such that the positive dipole of the α-helix decreases its pKa and increases its 
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nucleophilicity. Two histidine residues take part in decarboxylation reactions. One of the histidine 
residues participates in binding/activating the carboxylate of an extender unit, while the other 
histidine residue serves as a general base, activating a water molecule for attack at the activated 
carboxylate (Keatinge-Clay, 2012). Despite KS domains from type I FAS, PUFA synthase and 
PKS exhibit the similar thiolase fold and catalytic mechanism, their substrate uses vary 
significantly. 
2.5.2.1 KS domain in type I FAS and PKS 
Type I FASs are commonly found in animals, fungi and some bacteria such as 
Corynebacteria, Mycobacteria and Nocardia. The products produced by type I FASs are saturated 
long chain fatty acids with 16 or 18 carbons. Similar to that by type II FAS, fatty acid synthesis 
catalyzed by type I FAS goes through reiterative reactions of condensation, keto-reduction, 
dehydration and enoyl-reduction. Unlike type II FAS where three different types of KS enzymes 
catalyze condensation reactions from C2 to C16 coordinately, type I FAS contains only a single 
KS domain catalyzing all the condensations. In addition, unlike discrete ketoacyl-ACP synthases 
in type II FAS, type I FAS KS domain is highly specific for saturated acyl chains, thus final 
products are SFAs synthesized by type I FAS (Smith et al., 2003). 
Type I PKS KS domains possess similar structures to human type I FAS KS domain, but 
with a much wider range of substrates that vary in acyl chain length and structure (Khosla et al., 
2002). The catalytic machinery is comprised of three residues: a cysteine in TACSSS motif and 
two histidine residues in EAHGTG and KSNIGHT motifs. In addition, PKS contains a CLF 
domain, a catalytically inactive version of a KS domain that can form a heterodimer KS-CLF with 
a KS domain. The interface of the KS-CLF dimer defines the size of the substrate-binding channel 
(Cox & Simpson, 2009). Mutations of four residues of the KS-CLF duplex at the bottom of the 
acyl pocket change the pocket size and shape, thereby altering substrates and products (Dutta et 
al., 2014). 
2.5.2.2 KS domain in PUFA synthase 
PUFA synthase is a mega-enzyme, and comprises multiple subunits each with multiple 
catalytic domains. The number, structure, and organization of domains in a PUFA synthase are 
very different from a type I FAS (Figure 2.5). For instance, PUFA synthase in Thraustochytrium 
is comprised of three subunits with two KS domains, one located in subunit-A, and the other in 
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subunit-B. In addition, it also contains a pseudo-KS domain called CLF adjacent to a KS domain 
in subunit-B that shares similar structure to KS domains but without active site residues (Tang et 
al., 2003). Multiple KS domains and KS-CLF organization in a PUFA synthase might be required 
for double bond positioning during VLCPUFA synthesis.  
 
 
 
Figure 2.5 Structure of PUFA synthases from Thraustochytrium and other microbial species 
(Adapted from (Zhao et al., 2016; Ji et al., 2015; Kautharapu & Jarboe, 2012; Lauro et al., 2013; 
Okuyama et al., 2007; Soh et al., 2018). 
 
 
2.6 Hydroxyacyl-ACP dehydratase  
Hydroxyacyl-ACP dehydratase (DH) catalyzes the dehydration of β-hydroxyacyl-ACP to 
enoyl-ACP during fatty acid biosynthesis. Removing a water molecule from β-hydroxyacyl-ACP 
generated by ketoacyl-ACP reductase results in introducing a double bond in the acyl chain. 
Hydroxyacyl-ACP dehydratase activity can be conferred by two forms of proteins, one is a discrete 
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enzyme in type II FAS and the other is an embedded domain in mega-enzymes such as type I FAS, 
PKS and PUFA synthase. 
2.6.1 Hydroxyacyl-ACP dehydratase in type II FAS 
Discrete hydroxyacyl-ACP dehydratase is a soluble enzyme, a component of type II FAS 
mainly occurring in bacteria and plants (Brown et al., 2009; Yoshida et al., 2016). In bacteria, 
hydroxyacyl-ACP dehydratase, also called FabA/Z in E.coli, is able to introduce a double bond by 
removing a water molecule from β-hydroxyacyl-ACP. Although FabA and FabZ share some 
similarity in their primary sequences, but their functions are very different. In E.coli, FabZ 
catalyzes the dehydration of a wide range of saturated and monounsaturated β-hydroxyacyl-ACPs 
from short chains to long chains, giving 2-trans-enoyl-ACPs that are usually reduced by enoyl-CP 
reductase (FabI) to saturated acyl-ACPs (Lu et al., 2004). However, FabA is a bifunctional enzyme 
catalyzing both the dehydration of β-hydroxydecanoyl-ACP and the isomerization of 2-trans-
decenoyl-ACP to 3-cis-decenoyl-ACP, an essential step in UFA biosynthesis (Chirala & Wakil, 
2004). Structurally, FabA and FabZ are highly similar, and both form the “hot-dog” fold with a 
six-stranded antiparallel β-sheet with topology 1/2/4/5/6/3 wrapping around a long central α-helix. 
During the catalytic process, two monomers bind with each other to form a double “hot-dog” 
structure. The active site is formed along the dimer interface with two critical histidine residues 
(His) and one aspartic acid (Asp, in FabA)/glutamic acid (Glu, in FabZ) residue contributed by 
individual monomers. Unlike FabZ, FabA possesses a few unique residues that play a role in 
widening the catalytic tunnel, thereby supporting the isomerization reaction (Leesong et al., 1996). 
Therefore, FabZ, without these residues, is incapable of accommodating 3-cis-decenoyl-ACP due 
to the spatial restriction in the substrate channel, thus preventing it from the isomerization of 2-
trans-decenoyl-ACP (Kimber et al., 2004). 
2.6.2 DH domain in type I FAS and PKS  
In type I FAS and PKS systems, DH domains are fused with other catalytic domains in a 
polypeptide. Although the sequence similarity of DH domains from type I FAS and PKS are very 
low, the structures of these domains are similar, and all can form a double “hot-dog” structure. 
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Type I FAS DH 
Type I FAS contains a DH domain with two non-identical pseudo sub-DH domains 
arranged side by side. It is likely that the two “pseudo sub-DH” domains form a dimer, a functional 
DH for catalysis (John et al., 2016; Lomakin et al., 2007). Therefore, structurally Type I FAS DH 
domains across species is highly conserved and can form a double “hot-dog” fold structure, each 
“hot-dog” fold contains a five-turn alpha helix acting as a sausage covered by seven-stranded 
antiparallel beta-sheets. The catalytic active site residues His and Asp are also highly conserved 
in the DH domains.  
PKS DH  
Dehydration catalyzed by DH domains of PKS is hypothesized to be similar to those by 
type II FAS dehydratase FabA and FabZ, each can dimerize to resemble a double “hot-dog” 
structure. However, the reactions performed by PKS DHs are more complicated in substrate 
selectivity. PKS DHs often operate on acyl chains with methyl, ethyl, or methoxy α-substituents, 
although how these DHs accommodate these substrates is unclear. In some cases, PKS DHs can 
catalyze the formation of cis double bonds in acyl products, indicating that these DHs can 
accommodate products with different geometry (Keatinge-Clay, 2012). For example, there are 
more than four DH domains in erythromycin PKS, but the products produced by these DH domains 
are diverse, partially due to the upstream products before the immediate dehydration process 
catalyzed by each DH domain (Keatinge-clay, 2008). The active site motifs of PKS DHs are less 
conserved. For instance, two DH domains of Microcystins PKS contain an active site aspartic acid 
residue in H(X)3D(X)4P motif, while the same catalytic residue is located in HPALLD motif of 
PKS DH  from Saccharopolyspora spinose (Keatinge-Clay, 2012). 
2.6.3 DH domain in PUFA synthase 
On the basis of the sequence survey, a PUFA synthase from microorganisms usually 
comprises three DH domains (Figure 2.5). One DH domain locates in the C-terminal region of a 
subunit consisting of KS-MAT-ACP-KR-DH, and the other two are found in a subunit with an 
arrangement of DH-DH-ER in eukaryotic PUFA synthases or of KS-KS-DH-DH in bacterial 
PUFA synthases. The DH domain in KS-MAT-ACP-KR-DH subunit is believed to function as a 
PKS-like dehydratase, while the DH domains in the tandem arrangement are more similar to FabA 
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dehydratase (Xie et al., 2017). PKS-like DH domains contains catalytic residues Asp in 
H(X)3D(X)4P motif and His in H(X)3G(X)4P motif (Rouhiainen et al., 2004) catalyzing the 
removal of a water molecule from 3-hydroxyacyl-ACP thereby introducing a trans double bond in 
enoyl-ACP which is subsequently reduced to saturated acyl-ACP by an ER domain. FabA-like DH 
domains have higher sequence similarity including conserved catalytic motifs to FabA which is 
essential for UFA biosynthesis in E. coli.  
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CHAPTER 3. FUNCTIONAL ANALYSIS OF KS DOMAINS FROM PUFA 
SYNTHASE OF THRAUSTOCHYTRIUM IN E.COLI. 
 
3.1 Abstract 
Thraustochytrium sp. 26185 accumulates a high level of DHA, a nutritionally important 
-3 VLCPUFA synthesized primarily by the polyunsaturated fatty acid (PUFA) synthase, a type 
I PKS-like mega-enzyme. However, the molecular mechanism of the PUFA synthase for 
positioning multiple cis-double bonds in the acyl chain remains elusive. The PUFA synthase in 
this species comprises three large subunits each with multiple catalytic domains. It was 
hypothesized that among these domains, KS domains might be critical for catalyzing the 
condensation of specific unsaturated acyl-ACPs with malonyl-ACP, whereby retaining double 
bonds in the extended acyl chain. To investigate the function of these putative KS domains, two 
segment sequences from subunit A (KS-A) and from subunit B (KS-B) of the PUFA synthase were 
dissected and then expressed as standalone enzymes in Escherichia coli. The results showed that 
both KS-A and KS-B domains, but not mutagenized ones where the cysteine residue at the 
predicted active sites was substituted by a lysine residue, could complement defective phenotypes 
of both E. coli FabB and FabF mutants. Overexpression of these domains in a wild type E. coli 
showed that 1.4-fold, and a 1.45-fold increase in total fatty acid production, respectively, relative 
to the control. KS-B contributed a higher ratio of UFAs to SFAs than KS-A, while KS-A could 
improve overall production of the fatty acids more effectively, particularly for production of SFAs, 
implying that KS-A might be more comparable to FabF while KS-B might be more similar to 
FabB in the catalytic function. Successful complementation and functional expression of the 
embedded KS domains from the PUHA synthase in E. coli is the first step forward to the future 
mechanistic study through in vitro assays with purified domain proteins incubated with other 
components for the final elucidation of the molecular mechanism of the PUFA synthase for the 
biosynthesis of VLCPUFAs.    
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3.2 Introduction 
VLCPUFAs are fatty acids with the chain length equal to or greater than 20 carbons and 
with two or more double bonds. They are classified into two categories, ω-3 and ω-6 fatty acids, 
depending on the location of the last double bond from the methyl end in an acyl chain (Scorletti 
& Byrne, 2013). VLCPUFAs, particularly DHA, are important for human health and wellbeing 
(Qi et al., 2004). DHA is an essential membrane component of neuron, retina and immune cells. 
In retina, DHA is a major fatty acid in rod outer segment, the photosensitive part of the 
photoreceptor cell (Qiu, 2003), it involves the signal transduction, rhodopsin activation, and rod 
and cone development in the photoreceptor. In the nervous system, DHA influences synaptic 
function through modulation of the endocannabinoid, a regulator of the synaptic system. In the 
adult brain, DHA is mainly accumulated in the cortical gray matter, it has positive effects on 
sensorimotor integration, attention-executive function and memory (Diau et al., 2005; Hadders-
Algra, 2010). In addition, DHA is a precursor for docosanoid mediating various physiological 
activities in mammals. For example, neuroprotectin D1 (docosanoid) is a neuroprotective 
derivative of DHA participating in protection against retina and brain damage (Organisciak et al., 
1996; Mukherjee et al., 2007; Reich et al., 2001). Furthermore, DHA is a ligand of nuclear 
transcriptional factors regulating the expression (Deckelbaum et al., 2006) of numerous genes at 
the transcriptional level by activating these transacting factors (Uauy et al. 2000). Therefore, 
maintaining an optimal level of DHA is crucial for human to stay healthy, and appropriate dietary 
supplementation of DHA is encouraged for protection against chronic diseases, such as 
hypertension, arthritis, arteriosclerosis, depression and thrombosis (Horrocks & Yeo, 1999). 
There are two distinct pathways for the de novo biosynthesis of VLCPUFAs in nature 
according to whether it requires molecular oxygen during the biosynthetic process. The aerobic 
pathway usually occurs in cytosolic endoplasmic reticulum of eukaryotes and double bonds are 
introduced by an oxygenic desaturation process while fatty acid chains are elongated through the 
elongation process. Therefore, in the aerobic pathway, desaturases and elongases are two types of 
key enzymes for synthesizing VLCPUFAs (Qiu et al., 2001). So far, many desaturases and 
elongases in the pathway have been identified from a wide range of eukaryotes including animals, 
plants, fungi, microalga and other microorganisms. The anaerobic pathway, also called a 
polyketide synthase pathway, usually occurs only in prokaryotic and eukaryotic microbes. In this 
pathway, double bonds are introduced during the acyl chain-extending process without any 
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desaturation process. The biosynthesis is catalyzed by a PUFA synthase, a PKS-like enzyme. A 
PUFA synthase in microorganisms usually comprises one or more subunits, each subunit may 
contain multiple domains such as KS, KR, DH, ER, AT, MAT and ACP. These domains work 
coordinately for catalyzing VLCPUFA synthesis through reiterative reactions including 
condensation, ketoreduction, dehydration and enoylreduction. 
Thraustochytrium sp. 26185 is a unicellular protist producing a high level of DHA in 
storage lipids. Our previous research indicates that there is an aerobic pathway in this species for 
the biosynthesis of VLCPUFAs, and DHA could be synthesized through the final step of 4 
desaturation (Qiu et al., 2001). Our recent genome sequencing uncovered an alternative anaerobic 
pathway for the biosynthesis of VLCPUFAs in this species. However, the in vitro and in vivo 
assays showed that the latter pathway was primarily responsible for the biosynthesis of DHA, 
while the aerobic pathway might be the progenitor and relic system with missing components. 
Like similar enzymes identified from other marine microbes (Gong et al., 2014; Okuyama et al., 
2007; Ruiz-López et al., 2012), the PUFA synthase from Thraustochytrium sp. 26185 is comprised 
of three subunits each with multiple catalytic domains. Among these domains, two putative KS 
domains from subunit A and subunit B might be critical for retaining double bonds by selectively 
condensating unsaturated acyl chain primers with an extender unit malonyl-ACP (Cui et al., 2015; 
Metz et al., 2001; Tang et al., 2003). In this work, the two putative embedded KS domains of the 
PUFA synthase from Thraustochytrium sp. 26185 were delimited by multiple alignments and 
homology modeling using protein sequences of ketoacyl synthase from E.coli, and KS domains 
from microbial Type I PKS and other PUFA synthases. The KS domains were then expressed as 
standalone enzymes for functional analysis through complementation test, site-directed 
mutagenesis and overexpression in E. coli. The results from these studies provide insight into 
functions of these KS domains of the PUFA synthase from the Thraustochytrium. 
3.3 Experimental approach 
3.3.1 Experimental flow  
The experimental approach for this study shown as follows (Figure 3.1). 
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Figure 3.1 Experimental flow of Chapter 3. 
 
 
3.3.2 Strains, Plasmid, media, and reagents  
E. coli strains Top10 and BL21 (DE3) were purchased from Invitrogen Biotechnology Co. 
(Grand Island, USA) grown in the Luria-Bertani medium (1% peptone, 0.5% yeast extract, and 1% 
sodium chloride). The E.coli strain overexpressing the E.coli FabB was provided by Dr. Charles 
O. Rock, Department of Biochemistry, St. Jude Children’s Research Hospital, Tennessee, USA 
(Heath & Rock, 1996). The temperature sensitive (Ts) FabB and knockout FabF mutants were 
purchased from National BioResource Project (NBRP E. coli, Microbial Genetics Laboratory, 
National Institute of Genetics, Japan)(Yamazaki & Sugawara, 2009). Expression vectors, such as 
pET28a, pET15b and pGEM-T, were purchased from Promega Co. (CA, USA). The plasmid 
extraction, DNA purification and gel extraction kits were obtained from Bio Basic Inc. (New York, 
Canada). HP Taq DNA polymerase was purchased from Bio Basic Inc. Q5 polymerase and 
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restriction enzymes, and dNTP were purchased from New England Biolabs (Ipswich, MA, USA). 
Primers were synthesized through Sigma-Aldrich (St. Louis, MO, USA).  
3.3.3 Sequence analysis of the PUFA synthase in Thraustochytrium 
The sequence analysis of KS domains from the PUFA synthase in Thraustochytrium sp. 
26185 was performed on the genome sequence. The three subunits (subunit-A, subunit-B and 
subunit-C) were used as input database and tools for cataloging FASs/PKSs including BLAST 
(NCBI), ClusterMine360 (Conway & Boddy, 2013), antiSMASH (Medema et al., 2011) and 
NRPS-PKS (Ansari et al., 2004) which were used to identify putative domains and active sites. 
The multi-sequence alignment of homologous sequences from Aurantiochytrium, Schizochytrium, 
Emiliania huxleyi and Shewanella fidelis by DNAMAN was used to delimit the borderlines of 
each domain, which was further confirmed by on-line homology modeling tools provided by the 
SWISS-MODEL (Biasini et al., 2014) and Phyre server (Kelley & Sternberg, 2009).  
3.3.4 Cloning and expression of KS domains from PUFA synthase in E. coli. 
To express the KS domains in E. coli, five primers were designed for amplifying them from 
subunit-A (KS-A), and subunit-B (KS-B and CLF) with His-tags at the N-terminus and a stop 
codon at the C-terminus. The KS domain from subunit-A was amplified with the two primers (F 
KS-A and R KS-A). The KS domain and the KS-CLF domain from ORF-B were amplified with 
the primers (F KS-B and R KS-B) and primers (F KS-B and R CLF-B), respectively (Table 3.1). 
Amplicons with the expected size were first cloned into an intermediate pGEM-T vector for 
sequencing confirmation. 
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Table 3.1 Primers used for KS domain amplification. 
Name Sequence (5’-3’) Annotation 
F KS-A 
GAATTCATGGCGGCCCGCG EcoR I site (underline)  
R KS-A 
AAGCTTCTACGCGTGCTCCGGCTC Hind III site (underline) 
F KS-B GAATTCATGGCCGCGCGCAAC 
EcoR I site (underline)  
R KS-B 
AAGCTTCTAGTGCTCCTCGAAGACGGCG Hind III site (underline)  
R CLF-B 
AAGCTTCTAGCGCTCGTGGTGGCC Hind III site (underline) 
 
 
For the expression plasmid construction, the KS sequences from pGEM-T vectors and a 
FabB gene from pET15b vector were sub-cloned into a His-tagged vector pET28a(+) (Figure 3.2). 
The purified KS fragment from pGEM-T and pET28a(+) vector digested with EcoRI and Hind III 
were ligated according to the standard procedure. Similarly, purified FabB fragment from pET15b 
and pET28a(+) digested with XbaI and BamHI were ligated. The digested DNAs were run on an 
agarose gel with wide-toothed comb wells. After electrophoresis, target bands were cut from the 
gel and purified using BioBasic’s miniprep kit (2015). Purified KS and FabB fragments and 
corresponding digested plasmids were ligated as follows: 2µL of 5× ligation buffer, 1.5µL of 
pET28a(+) linearized vector, 4.5µL of KS domain fragments and 0.5µL Invitrogen T4 DNA ligase 
at 4°C overnight. The ligations, KS/pET28a and fabB/pET28a, were transformed into competent 
E. coli Top10 cells. The transformation was carried out using a chemical transformation approach. 
The sample was incubated at 37°C for 45 minutes and shaked vigorously (250 rpm), and placed 
on LB agar plate containing 50µg/mL kanamycin for selection. The selection plates were incubated 
at 37°C overnight, and putative transformants were selected, sub-cultured, and screened by 
Polymerase chain reaction (PCR) using a universal primer (T7 promoter) and a gene-specific 
primer. Positive transformants were inoculated into 5mL of liquid LB medium plus 50µg/mL 
kanamycin and incubated at 37°C overnight. The plasmids were extracted using BioBasic’s 
miniprep kit (2015), and digested with restriction enzymes to confirm the recombinant plasmids.  
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Figure 3.2 Construction of the recombinant plasmid expressing KS domains with pET28a.  
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The confirmed plasmids pET28a-KS-A, pET28a-KS-B, pET28a-KS-CLF-B, and pET28a-fabB, 
were transformed into competent E. coli BL21 (DE3) cells for expression of the recombinant 
plasmids. Small scale expression of target proteins was conducted before scaling up the expression 
procedure. A single colony from the host E. coli BL21 (DE3) harboring an expression plasmid was 
grown overnight in 10 mL of LB medium with 50 μg kanamycin/mL at 37 °C. A 200 μL aliquot 
of the resulting culture was inoculated into 20 mL of fresh LB medium containing kanamycin and 
incubated aerobically at 37 °C until an OD600 of 0.4–0.6 reached. Isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added to the final concentration of 1 mM for inducing the 
expression. After 12-hour induction, the cell was harvested using 6,000 rpm centrifugation 
(Eppendorf centrifuge 5804 R) at 4°C for 10 min, and resuspended in 5 volumes of ice-cold buffer 
(20 mM Tris-HCl, pH7.0). The cells were broken down through beadbeater (MINI BEAD 
BEATER 8, Biospec Products), and the mixture was centrifuged at 15,000 rpm at 4°C. The 
proteins in cell pellets and supernatant in 200 μL of sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) loading buffer (60 mM Tris-HCl, pH 6.8, 2% SDS, 0.1% 
bromophenol blue, 25% glycerine and 14.4 mM β-mercaptoethanol) were separated by 
electrophoresis. To improve protein expression, the transformants were cultivated under different 
temperature (20°C, 25°C, 37°C), or with different concentrations of IPTG (1 mM, 0.5 mM, 0.01 
mM).  
3.3.5 Complementation of E. coli mutants defective in the ketoacyl-ACP synthase activity 
with the KS domains 
The complementation tests were conducted in two E. coli mutants defective in ketoacyl-
ACP synthase I (FabB) and II (FabF) activity, respectively. The FabB (Ts) temperature sensitive 
mutant was derived from E.coli strain K-12, W3110 mutagenized by N-methyl-N′-nitro-N-
nitrosoguanidine (NTG). This mutant could not grow at 42°C (but could survive at 30°C). The 
temperature sensitive phenotype could be complemented with infection of a Kohara phage 
carrying a wild type FabB gene. The FabF deletion mutant is a knockout mutant from the Keio 
collection where the FabF gene was deleted (Baba et al., 2006). 
Complementation test in the FabB Ts mutant 
The competent cells of the FabB Ts mutant were prepared according to Chung (1989). The 
recombinant plasmids pET28a-KS-A, pET28a-KS-B, pET28a-KS-CLF-B, pET28a-fabB and 
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empty vector pET28a, were transformed into competent Ts FabB mutant cells as described above 
and the transformants were spread on the plates containing 50 µg/mL kanamycin and grown at 
30°C overnight for selection. The putative transformant colonies were selected and screened by 
PCR with a universal primer (T7 promoter primer) and a gene-specific primer. Positive colonies 
were inoculated into 5 mL of liquid LB medium plus 50 µg/mL kanamycin and incubated at 30°C 
overnight. For the complement plate assay, 2 µL cell cultures were dropped in duplicate on a LB-
agar plate with 50 µg/mL kanamycin and 1mM IPTG. The plates were incubated overnight at 30°C 
and 42°C, respectively. 
The fatty acid profiles of the cell cultures were obtained through Gas chromatography (GC) 
analysis. A single colony from transformants harboring the expression plasmid was grown 
overnight in 10 mL of LB medium with 50 μg/mL kanamycin at 30°C. A 200 μL aliquot of the 
resulting culture was inoculated into 20 mL of fresh LB medium containing kanamycin and grown 
aerobically at 30 °C until an OD600 of 0.4–0.6 reached. IPTG was added to the final concentration 
at 0.5 mM for inducing the expression. After 12-hour expression, the cells were harvested using 
6,000 rpm centrifugation at 4°C for 10 min, and washed three times with 5 volumes of PBS buffer 
(20 mM PBS pH7.0). The samples were measured using a NanoDrop 2000c spectrophotometer 
and adjusted to OD600=1.0 with PBS buffer. An equal amount of cells (10 mL) was used for fatty 
acid analysis with heptadecanoic acid (17:0) as an internal standard. For the analysis, 2 mL of 1% 
sulfuric methanol was added to cell pellets, and the mixture was incubated at 80°C for 1 hour. 
After cooling down on ice, the sample was added with 2 mL hexane and 1mL 0.9% NaCl. The 
mixture was centrifuged for 10 minutes at 2,200×g. The upper hexane phase was transferred to a 
new glass tube and dried with N2 gas. After drying, 200 µL of hexane was added to resolubilize 
the lipid, transferred into insert-containing vials for the GC analysis using Agilent 7890A system 
with an auto-injector G4513A. 
Complementation test in the FabF deletion mutant 
For preparing the expression plasmids for complementation test in FabF deletion mutant, 
KS domain from pET28a was sub-cloned into the expression vector pET15b (Figure 3.3). The 
confirmed recombinant plasmids were then transformed into the competent fabF deletion mutant 
and selected on the plates containing 50 µg/mL kanamycin and 100 µg/mL ampicillin. For 
screening the positive colonies, a universal forward primer (T7 promoter) and a gene-specific 
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reverse primer were used for PCR reaction. The positive colonies were inoculated into 5 mL of 
liquid LB medium plus 50 µg/mL kanamycin and 100 µg/mL ampicillin and grown at 37°C 
overnight. For the fatty acid analysis, a single colony the mutant transformants harboring the 
expression plasmid were grown overnight in 10 mL of LB medium with 50 µg/mL kanamycin and 
100 µg/mL ampicillin at 37 °C. A 200 μL aliquot of the overnight culture was inoculated into 20 
mL of fresh LB medium containing kanamycin and ampicillin and grown aerobically at 37 °C until 
an A600 of 0.4 reached. IPTG was added to the final concentration at 0.5 mM for inducing the 
expression. Fatty acid analysis of the FabF deletion mutant carrying the recombinant plasmids 
was conducted as described above. 
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Figure 3.3 Construction of the recombinant plasmid expressing KS domains with pET15b.  
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3.3.6 Site-directed mutagenesis of the KS domains 
Site-direct mutagenesis was carried using overlapping PCR according to Ho (1989). Two 
pairs of internal primers with complementary ends and desired mutation sites were designed for 
PCR amplification to create mutants of the KS domains (Table 3.2). The recombinant plasmids 
pET28a-KS-A, pET28a-KS-B, and pET28a-KS-CLF-B carrying wild type KS-A, KS-B and KS-
B-CLF fragments were used as templates for the mutagenesis. For each mutagenesis, the first 
round of PCR was performed with one flanking primer and one internal primer and the second 
round of PCR was conducted with another flanking primer and the other internal primer. For 
mutagenized KS-A, two DNA fragments were amplified by overlapping PCRs with two sets of 
primers (T7 promoter primer and R KS-M-A, F KS-M-A and T7 terminator primer) using pET28a-
KS-A as a template. For mutagenized KS-B and KS-CLF-B, DNA fragments were amplified by 
overlapping PCRs with two sets of primers (T7 promoter primer and R KS-M-B, F KS-M-B and 
T7 terminator primer) using pET28a-KS-B and pET28a-KS-CLF-B as templates, respectively 
(Table 3.2). After PCR amplification, the mutagenized KS domains (named KS-M-A, KS-M-B, 
and KS-M-CLF-B) were subcloned into pET28a or pET15b and transformed into E.coli Top10 
cells for propagation of recombinant plasmids. The recombinant plasmids pET28a-KS-M-A, 
pET28a-KS-M-B, and pET28a-KS-M-CLF-B, were confirmed by restriction digestion and DNA 
sequencing. The confirmed plasmids were transformed into E. coli strains for functional analysis.  
 
 
Table 3.2 Primers used for site-directed mutagenesis 
Name Sequence (5’-3’) Annotation 
F KS-M-A GCCTCGAAATCGCTCATCGCCGTC mutation site (underline, Cys to Lys) 
R KS-M-A GGCGGTTTCGTCGACGACGC mutation site (underline, Cys to Lys) 
F KS-M-B GCGACCAAAGCGCTCTACGTGCTC mutation site (underline, Cys to Lys) 
R KS-M-B AGCGGCTTTGTCGACCGAGTAGTG mutation site (underline, Cys to Lys) 
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Lipid extraction and GC analysis 
A single colony from E. coli transformants harboring the expression plasmid was grown 
overnight in 10 mL of LB medium with 50 µg/mL kanamycin, or 50 µg/mL kanamycin and 100 
µg/mL ampicillin at 30°C. A 200 μL aliquot of the overnight culture was inoculated into 20mL of 
fresh LB medium containing kanamycin, or kanamycin and ampicillin, and incubated aerobically 
at 30°C until an OD600 of 0.4 reached. IPTG was added to a 0.5 mM final concentration for 
inducing the expression. Fatty acids profiles of transformants carrying original or mutagenized KS 
domains were analyzed by GC as described above. 
3.3.7 Overexpression of the KS domains in wild type E. coli  
Overexpression was performed in the wild type strain E.coli BL21 (DE3). The expression 
plasmids pET28a-KS-A, pET28a-KS-B, pET28a-KS-CLF-B, pET28a-fabB, and control vector 
pET28a were transformed into the competent cells. The transformants were then spread on the 
plates containing 50 µg/mL kanamycin. A single colony of the positive transformant harboring the 
expression plasmid was grown overnight in 10 mL of LB medium with 50 µg/mL kanamycin at 
37°C. A 500 μL aliquot of the overnight culture was inoculated into 50 mL of fresh LB medium 
containing kanamycin and incubated aerobically at 37 °C until an OD600 of 0.4 reached. After 
adding IPTG, the cell culture was divided into two equal volumes and incubated at 20°C and 37°C 
respectively for inducing the expression. Fatty acids profiles of E. coli BL21 (DE3) transformants 
expressing different KS domains at different temperatures were analyzed by GC as described 
above.  
3.4. Results 
3.4.1 Sequence analysis of KS domains of a PUFA synthase in Thraustochytrium sp. 28165 
 To study the biosynthesis of VLCPUFAs in Thraustochytrium sp. 28165, we recently 
sequenced the whole genome of the protist. Analysis of the genome sequence revealed co-
existence of a standard aerobic pathway and an alternative anaerobic pathway for the biosynthesis 
of DHA in this species. Our in vitro and in vivo assays showed that DHA was primarily synthesized 
by the PUFA synthase, a mega-enzyme comprising three large subunits encoded by three open 
reading frames (ORFs), each with multiple catalytic domains that were strongly predicted by the 
presence of characteristic active site sequence motifs (Figure 3.4). One KS domain (KS-A) was 
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identified in subunit-A while the other KS domain (KS-B) was found in subunit-B. The two KS 
domains had amino acid sequence identity with each other at about 20% and both shared sequence 
similarity with FabB and FabF, two condensing enzymes involved in the biosynthesis of fatty acids 
in E. coli. In addition, a CLF-like domain was also identified adjacently to KS-B in subunit-B that 
was considered as a catalytically inactive version of a KS domain in a PKS system. The side-by-
side arrangement of KS and CLF domains was believed to be critical for biosynthesis of 
polyketides (Keatinge-Clay, 2012). Boundary sites of these domains were determined through 
multiple sequence alignments and homology modeling using protein sequences of prokaryotic 
ketoacyl synthases, and KS domains from microbial Type I PKS and other PUFA synthases. The 
KS-A domain ranged from residue 1 to 492 in subunit-A, while the KS-B and CLF domains were 
from residue 1 to 469 and 470 to 1023 in subunit-B, respectively. For the functional 
characterization of these domains, the delimited DNA regions were amplified and expressed as 
standalone proteins in E. coli.  
 
 
 
Figure 3.4 Structure of PUFA synthases from Thraustochytrium 
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3.4.2 Expression of the KS domains in an E. coli FabB mutant 
E. coli possesses three condensing enzymes, FabB, FabF and FabH for the fatty acid 
biosynthesis. FabH catalyzes the initial condensation of acetyl-CoA with malonyl-ACP to 
ketobutyryl-ACP. FabB and FabF with high sequence similarity with each other catalyze 
subsequent condensation reactions. However, FabF could specifically elongate long chain fatty 
acids such as palmitic acid (16:0) and palmitoleic acid (16:1-9) while FabB could catalyze 
elongation of fatty acids with chain length from 4 to 14 carbons (Wang & Ma, 2013). As both KS 
domains from the PUFA synthase showed sequence homology to FabB and FabF, the embedded 
domains of the PUFA synthase were excised and then expressed as standalone enzymes in the 
FabB and FabF mutants for complementation assays.   
FabB was an essential gene for the biosynthesis of unsaturated fatty acids for E. coli to 
maintain the homeostasis of cell membrane (Broekman & Steenbakkers, 1973; Campbell & 
Cronan, 2001; Rosenfeld et al., 1973), therefore, no knockout strain of this gene was readily 
available for the complementation test. Thus, complementation assays of the KS domains were 
carried out in a FabB (Ts) mutant where the chromosomal FabB gene was chemically mutagenized, 
as such the FabB mutant became temperature sensitive and could grow at 30◦C, but not at a non-
permissive temperature (42°C). However, the FabB mutant carrying KS-A, KS-B and KS-CLF-B 
domains as well as the wild type FabB were all capable of growing at both temperatures (30°C 
and 42°C), in contrast to the mutant with the empty vector that ceased growth at 42◦C on the plate 
(Figure 3.5). This result clearly showed that both KS domains from subunit-A and subunit-B could 
complement the defective phenotype of FabB and restore the function for the biosynthesis of 
unsaturated fatty acids in E. coli. 
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Figure 3.5 Complementation assays of the KS domain proteins in the E. coli FabB Ts mutant 
on the plate. KS domains and E. coli FabB were inserted behind the T7 promoter of the expression 
vector pET28a individually. The recombinant plasmids were transformed into the FabB Ts mutant 
where the chromosomal FabB gene is mutagenized. The plates with kanamycin and IPTG were 
incubated overnight at 30°C and 42°C, respectively. 
 
When grown at the permissive temperature (30◦C), the FabB mutant, like its wild type, 
produced six major fatty acids including myristic acid (14:0), palmitic acid (16:0), palmitoleic acid 
(16:1-9), 9,10-methylene-hexadecanoic acid (17:0-cyc), cis-vaccenic acid (18:1-11), and 11,12- 
methylene-octadecanoic acid (19:0-cyc). The two cyclopropane fatty acids (17:0-cyc and 19:0-
cyc) were synthesized by cyclopropane fatty acid synthase (CFA) using unsaturated fatty acids 
16:1-9 and 18:1-11 as substrates, respectively (Grogan & Cronan, 1997). However, compared to 
the wild type, the amount of these fatty acids in the mutant was substantially reduced, particularly 
16:0, 16:1-9, 17:0-cyc and 18:1-11, which led to drastic reduction in the amount of the total fatty 
acids in the mutant strain. On the other hand, expression of the KS domains from the PUFA 
synthase in the mutant, like expression of the wild type FabB in the mutant, could clearly reverse 
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the defective phenotype in the fatty acid production. In particular, when KS-A and KS-B were 
expressed in the mutant, the amounts of fatty acids such as 16:0, 16:1-9, 17:0-cyc and 18:1-11 
were comparable (KS-B) to or even higher (KS-A) than WT control, which were all significantly 
higher than that in the mutant control with the empty vector (Figure 3.6).  
 
 
Figure 3.6 The amount of fatty acids produced in the E. coli FabB mutant expressing the KS 
domains from the PUFA synthase individually. Values are reported as the means of three 
biological replicates along with standard deviation. The means with the same letters are not 
statistically significantly different. Fatty acid abbreviations are the following: myristic acid (14:0), 
palmitic acid (16:0), palmitoleic acid (16:1-9), 9,10-methylene-hexadecanoic acid (17:0-cyc), 
octadecanoic acid (18:0), cis-vaccenic acid (18:1-11) and 11,12- methylene-octadecanoic acid 
(19:0-cyc). Statistical analysis of the results was conducted using the oneway analysis of variance 
(P<0.05). 
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3.4.3 Expression of the KS domains in the E. coli FabF mutant 
Unlike FabB, FabF is a non-essential gene for E. coli, thus the plate assay could not be 
employed for the complementation test of the KS domains in the mutant. Instead, complementation 
assays of the KS domains in a FabF mutant (knockout) were conducted only through fatty acid 
analysis of the mutant and the mutant transformants expressing the KS domains. In comparison 
with the wild type control, nearly all fatty acids were significantly reduced in the mutant, leading 
to about 4-fold decrease in the production of the total fatty acids (Figure 3.7). However, when the 
KS domains were expressed in the mutant, the transformants restored the fatty acid production to 
the level similar to that in the wild type. In particular, levels of 16:1-9 and 17:0-cyc were 
significantly increased in the mutant transformant expressing the KS-A domain, which resulted in 
the amount of the total fatty acids being even slightly higher than that in the wild type. This result 
indicated that these KS domains could also functionally complement the defective phenotype of 
the E. coli FabF mutant.  
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Figure 3.7 The amount of fatty acids produced in the E. coli FabF mutant expressing the KS 
domains from the PUFA synthase individually. Values are reported as the means of three 
biological replicates along with standard deviation. The means with the same letters are not 
statistically significantly different. Fatty acid abbreviations are the following: myristic acid (14:0), 
palmitic acid (16:0), palmitoleic acid (16:1-9), 9,10-methylene-hexadecanoic acid (17:0-cyc), 
octadecanoic acid (18:0), cis-vaccenic acid (18:1-11) and 11,12- methylene-octadecanoic acid 
(19:0-cyc). Statistical analysis of the results was conducted using the oneway analysis of variance 
(P<0.05). 
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3.4.4 Functional analysis of the mutagenized KS domains  
Identity of the KS domains in the PUFA synthase was predicted based on the presence of 
characteristic residues (Cys-His-His) at their putative active sites. To examine the authenticity of 
these residues for the function of the KS domains, the cysteine residue, which is necessary for 
nucleophilic attack to substrate, at the predicted active sites of both KS domains was individually 
replaced by a lysine residue using site-directed mutagenesis and the mutant domains were then 
expressed as standalone enzymes for the complementation analysis. Complementation assays of 
the two mutagenized KS domains in the FabB mutant showed that, like the original mutant, the 
mutant transformants expressing the corresponding mutagenized KS domains could grow only at 
30◦C, but not at the non-permissive temperature 42◦C, which was in contrast to the mutant 
transformants expressing the wild type KS domains that could grow at both temperatures (Figure 
3.8). This result reaffirmed function of the KS domains and essentiality of the cysteine residue of 
the domains for the catalytic function as FabB for the biosynthesis of unsaturated fatty acid in E. 
coli.  
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Figure 3.8 Complementation assay of the mutagenized KS domain proteins in the E. coli 
FabB Ts mutant on the plate. The KS domains and E. coli FabB were inserted behind the T7 
promoter of the expression vector pET28a, individually. The plates were incubated overnight at 
30◦C and 42◦C, respectively. 
 
 
Complementation assays of the mutagenized KS domains in the FabF knockout mutant 
showed that the fatty acid production in the mutant expressing both mutagenized KS domains was 
comparable to that in the original mutant where the amount of almost all the fatty acids were 
substantially reduced in comparison to that in the wild type control, resulting in the drastic 
reduction of the total fatty acids in the cells. This result further confirmed that the cysteine residue 
was also critical for the function of the KS domains to complement activity of FabF in E. coli 
(Figure 3.9). 
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Figure 3.9 The amount of fatty acids produced in an E. coli FabF mutant expressing 
mutagenized KS domains from the PUFA synthase. Values are reported as the means of three 
biological replicates along with standard deviation. The means with the same letters are not 
statistically significantly different. Fatty acid abbreviations are the following: myristic acid (14:0), 
palmitic acid (16:0), palmitoleic acid (16:1-9), 9,10-methylene-hexadecanoic acid (17:0-cyc), 
octadecanoic acid (18:0), cis-vaccenic acid (18:1-11) and 11,12- methylene-octadecanoic acid 
(19:0-cyc). Statistical analysis of the results was conducted using the oneway analysis of variance 
(P<0.05). 
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3.4.5 Overexpression of the KS domains in E. coli 
To further investigate functional roles of the KS domains, we overexpressed these domains 
as discrete enzymes in a wild type E. coli strain grown at two different temperatures (20oC and 
37oC) to see if they could improve production of the fatty acids. At 37oC, the amounts of the total 
fatty acids produced in the wild type as well as the transformants overexpressing the KS domains 
were relatively low compared to those at 20oC. In addition, there was no significant difference in 
the production of either individual fatty acids or the total fatty acids among all the strains. However, 
at 20oC, all the transformants overexpressing the KS domains produced significantly higher levels 
of the total fatty acids than that in the wild type. In particular, an overexpression of KS-A improved 
the production of the total fatty acids significantly over the wild type strain. The amount of the 
total fatty acids produced in the overexpression reached about 41 mg/L, while that in the wild type 
was only about 24 mg/L. The approximately 45% increase in the overall fatty acid production was 
largely realized by substantial increase in 16:0, 16:1-9, 17:0cyc and 18:1-11 (Figure 3.10). 
Moreover, when the relative levels of UFAs and SFAs produced in these strains were compared, 
all KS overexpressions had a higher ratio of UFAs/SFAs relative to that in the wild type. The ratio 
in the KS-B overexpression was the most significant among all the strains, even higher than that 
in the KS-A overexpression, despite the KS-A overexpression was slightly higher in the production 
of the total fatty acids than the KS-B overexpression. The higher production of the total fatty acids 
in the KS-A overexpression was mainly reflected by a higher production in SFAs, as the level of 
UFAs produced in the KS-A overexpression was slightly lower than that in the KS-B 
overexpression. This result indicated that overexpression of the two KS domains could 
significantly improve the overall production of the total fatty acids and the KS-B domain was more 
effective in production of unsaturated fatty acids in E. coli in comparison of the KS-A domain 
(Table 3.3). 
 
 4
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Figure 3.10 Fatty acid production of the KS overexpressions in the wild type E. coli at two different temperatures. a. Culture 
temperature at 37°C, b. Culture temperature at 20°C. Values are reported as the means of three biological replicates along with standard 
deviation. The means with the same letters are not statistically significantly different. Fatty acid abbreviations are the following: myristic 
acid (14:0), palmitic acid (16:0), palmitoleic acid (16:1-9), 9,10-methylene-hexadecanoic acid (17:0-cyc), octadecanoic acid (18:0), cis-
vaccenic acid (18:1-11) and 11,12- methylene-octadecanoic acid (19:0-cyc). Statistical analysis of the results was conducted using the 
oneway analysis of variance (P<0.05). 
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Table 3.3 Production of saturated and unsaturated fatty acids in overexpressions of the KS 
domains in the wild type E. coli. 
Recombinants Total SFA UFA UFA/SFAa 
EV 24.34±1.33d 9.42±1.09c  14.92±0.85d  1.58  
KS-A 40.35±2.40a 14.78±1.77a  25.56±1.12a  1.73  
KS-B 31.15±1.69b 10.00±1.02b  21.14±0.66b  2.11  
KS-CLF-B 29.13±1.87c 9.68±0.95c  19.45±0.72c  2.01  
aSignifies the ratio of UFAs to SFAs and the two types of CFAs were considered as UFAs. 
Statistical analysis of the results from the experiments was conducted using oneway analysis of 
variance (P<0.05). 
 
 
3.5. Discussion 
The PUFA synthase has been identified in many marine microorganisms and is used for 
the biosynthesis of various VLCPUFAs, such as DHA, EPA, DPA and ARA (Gong et al., 2014; 
Okuyama et al., 2007). However, the exact molecular mechanism of this enzyme for intricately 
positioning multiple double bonds in these VLCPUFAs is unknown. In Thraustochytrium sp. 
26185, this enzyme comprises three subunits, each with multiple domains predicted by the 
presence of characteristic active site sequences. However, authentic roles of these putative 
domains are not biochemically defined. It is assumed that key activities might be conferred by DH 
and KS domains of the PUFA synthase where DH domains are used for introducing double bonds 
while KS domains are for retaining these double bonds during the biosynthesis of VLCPUFAs. In 
this study, we attempted to dissect and express embedded KS domains of the PUFA synthase from 
the Thraustochytrium in E. coli to interrogate the function of these domains. 
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E.coli is a well-studied model using a Type II fatty acid synthase to produce both SFAs 
and UFAs. FabB is a key enzyme for the biosynthesis of unsaturated fatty acids in catalyzing the 
condensation of cis-3-decenoyl-ACP (formed by the FabA catalytic reaction) with malonyl-ACP 
(Lu et al., 2004), while FabF, despite a non-essential enzyme, has an important function in 
elongating long chain acyl-ACP, particularly for the formation of vaccenic acid (C18:1-11c) 
(Janßen & Steinbüchel, 2014). Both KS-A and KS-B domains from the Thraustochytrium PUFA 
synthase share sequence similarity to FabB and FabF, thus our first step for functional 
characterization of these putative KS domains is to express them as standalone enzymes in the two 
E. coli mutants. The complementation test of the FabB mutant showed that both KS domains could 
complement the defective phenotype and the mutant transformants expressing both domains could 
grow well at 42°C, a non-permissive temperature for the FabB mutant. Fatty acid analysis of the 
transformants confirmed that the mutant transformants with both KS domains produced a high 
level of UFAs (16:1-9 and 18:1-11) to sustain the growth at the high temperature (42°C), as seen 
in the wild-type strain. Particularly, the KS-B domain could accumulate a higher level of UFAs 
than the KS-A domain. The complementation test of the FabF mutant also showed that both KS 
domains could complement the defective phenotype in the fatty acid production. Particularly, the 
mutant transformants with KS-A domain could produce a high level of 18:1-11, as seen in the wild 
type strain.  
Functional roles of the KS domains from the PUFA synthase was further reaffirmed by 
site-directed mutagenesis and overexpression. The cysteine at the predicted active sites of these 
domains is highly conserved in discrete ketoacyl-ACP synthase enzymes and KS domains of fatty 
acid synthase and polyketide synthase in animals, plants and microbes (Cui et al., 2015; Keatinge-
Clay,  2012; Lomakin et al., 2007; Lu et al., 2004; Olsen et al., 2004; Schweizer & Hofmann, 
2004; Smith et al., 2003; Xu et al., 2013). The thiolate form is believed to serve as a ‘‘nucleophilic 
elbow’’ necessary for the nucleophilic attack in the transacylation reaction (Schweizer & Hofmann, 
2004). When this residue in the two putative KS domains was changed to a lysine residue, the 
substitutions could not complement the defective phenotype of the FabB mutant and restore the 
activity of FabF in the mutant. Overexpression of FabB and FabF have been previously shown to 
increase fatty acid production in E. coli (Jeon et al., 2012; Lee et al., 2013). As KS-A and KS-B 
can functionally complement the two enzymes, we then overexpress the two KS domains in a wild 
type strain to see if they can produce similar effects. Indeed, over-expressions of KS-B and KS-A 
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result in 1.4-fold, and a 1.45-fold increase in total fatty acid production, respectively, relative to 
the wild type control at the low temperature. The improvement in the total fatty acid production 
reconfirms biochemical functions of the putative KS domains from the PUFA synthase in fatty 
acid biosynthesis in E. coli. The strain carrying KS-B accumulates a high level of UFAs by 
retaining a double bond, as seen in a strain overexpressing the FabB gene. The KS-A domain has 
an authentic ability in elongating 14:0 to 16:0 and C16:1 to C18:1, as seen in a strain 
overexpressing FabF (Parsons & Rock, 2013). The fact that KS-B contributes a higher ratio of 
UFAs to SFAs than KS-A, while KS-A can improve overall production of the fatty acids, 
particularly for production of SFAs in the transformants suggests that KS-A might be comparable 
to FabF while KS-B might be more similar to FabB in the catalytic function. 
VLCPUFAs can be synthesized by either an aerobic or an anaerobic pathway in living 
organisms. The latter pathway is advantageous in the productivity as it is a de novo fatty acid 
system where the final products are synthesized by a single enzyme complex starting from acetate. 
On the other hand, the former involves different kinds of enzymes, such as fatty acid synthase for 
the synthesis of long chain saturated fatty acids (16:0 and 18:0), desaturases and elongases for 
introducing various double bonds and for elongating fatty acids with various chain lengths. These 
enzymes can be localized at very different locations in a cell and use different forms of lipids as 
substrates. For instance, a type II fatty acid synthase can be a plastidic enzyme or an extraplastidic 
enzyme depending on the microbial species. A desaturase can be associated or not associated with 
the membrane that can be of endoplasmic reticulum or plastid envelope using acyl-ACP, acyl-CoA 
or glycerolipids as substrates, while an elongase is usually localized on endoplasmic reticulum 
using acyl-CoAs as substrates. Due to the complexity in localization and substrate use, 
VLCPUFA-producers using the aerobic pathway for the biosynthesis usually accumulate a 
substantial amount of intermediate fatty acids in addition to the main final products, while 
VLCPUFA-producers using a PUFA synthase for the biosynthesis often produce cleaner final 
products with fewer and lesser intermediate fatty acids (Ujihara et al., 2014), which is considered 
more desirable for dietary supplementation (Vrinten et al., 2013). In addition, since the anaerobic 
pathway is a de novo system using a single enzyme, it might be more efficient for VLCPUFAs 
production. However, so far little is known about the molecular mechanism of a PUFA synthase 
for the biosynthesis of VLCPUFAs. The PUFA synthase is a mega-enzyme encoded by large ORFs 
with usually high G/C content and repetitive ACP coding sequences. Cloning and expression of 
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the large DNA fragments in heterologous systems for functional characterization is a daunting task. 
In addition, the VLCPUFA producers using the PUFA system is usually not amenable to genetic 
manipulation. These make the mechanistic interrogation very challenging. This study attempted a 
dissection of the entire PUFA synthase sequence from Thraustochytrium sp. 26185 into different 
catalytic domains and then expressed the embedded domains as standalone enzymes in E. coli for 
functional characterization. Successful complementation and functional expression of the KS 
domains in E. coli is the first step towards the future study through in vitro assays with purified 
domain proteins incubated with other components including appropriate radiolabeled substrates 
for the final elucidation of the molecular mechanism for the biosynthesis of VLCPUFAs.   
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3.6 Connection to next study 
This study showed that the embedded KS domains of the PUFA synthase from 
Thraustochytrium could be dissected and expressed as standalone enzymes in E.coli where their 
functions could be characterized by complementation test, site-directed mutagenesis and 
overexpression. This opened an opportunity for functional analysis of other key domains of PUFA 
synthase such as DH domains in the similar way, which was described in the next study (Chapter 
4). 
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CHAPTER 4. FUNCTIONAL ANALYSIS OF THE DH DOMAINS OF A 
PUFA SYNTHASE FROM THRAUSTOCHYTRIUM IN E.COLI. 
 
4.1 Abstract 
Thraustochytrium sp. 26185, a unicellular marine protist, synthesizes docosahexaenoic 
acid, an omega-3 VLCPUFAs, by a PUFA synthase comprising three large subunits with multiple 
catalytic DH domains critical for introducing double bonds at the specific position of fatty acids. 
To investigate functions of these DH domains, one DH domain from subunit-A and two DH 
domains from subunit-C of the PUFA synthase were dissected and expressed as stand-alone 
enzymes in Escherichia coli. The results showed that all these DH domains could complement the 
defective phenotype of an E. coli FabA temperature sensitive mutant, despite they have only 
modest sequence similarity with FabA, indicating they can function as 3-hydroxyacyl-ACP 
dehydratase for the biosynthesis of unsaturated fatty acids in E. coli. Site-directed mutagenesis 
analysis confirmed the authenticity of active site residues in these domains. In addition, 
overexpression of the three domains in a wild type E. coli strain resulted in the substantial 
alteration of fatty acid profiles including productions and ratio of unsaturated to saturated fatty 
acids. A combination of evidence from sequence comparison, functional expression and 
mutagenesis analysis suggest that the DH domain from subunit-A is similar to DH domains from 
polyketide synthases, while the DH domains from subunit-C are more comparable to E. coli FabA 
in catalytic functions. Successful complementation and functional expression of the embedded DH 
domains from the PUFA synthase in E. coli is an important step towards for elucidating the 
molecular mechanism in the biosynthesis of VLCPUFAs in Thraustochytrium.  
4.2 Introduction 
Unsaturated fatty acids in phospholipids play crucial roles in maintaining the functional properties 
of cell membranes (Parsons & Rock, 2013). The living organisms have developed two distinct 
approaches to synthesize unsaturated fatty acids. The most popular one is to utilize a desaturase, a 
special type of oxygenases that can abstract two hydrogens from a saturated hydrocarbon chain, 
whereby introducing a double bond. This process requires molecular oxygen as the hydrogen 
acceptor, is thus called the aerobic way of forming a carbon-carbon double bond (Meesapyodsuk 
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& Qiu, 2012; Zhang et al., 2007). The other one is to use a fatty acid synthase (complex) to 
introduce double bonds during the process of fatty acid synthesis. This approach, so called the 
anaerobic way, does not require molecular oxygen for double bond formation (Lu et al. 2004; 
Meesapyodsuk & Qiu, 2016). The aerobic way of double bond formation mainly occurs in animals, 
plants and high eukaryotic microorganisms, while the anaerobic way takes place only in bacteria, 
protist, microalgae and primitive fungi. 
Omega-3 VLCPUFAs, particularly EPA and DHA, have been shown to be essential for 
appropriate visual and neurological developments (Diau et al., 2005; Hadders-Algra, 2010), and 
play important roles in the prevention and reduction of chronic diseases such as arteriosclerosis, 
hypertension, arthritis, diabetes and neurological disorders (Horrocks & Yeo, 1999). The 
biosynthesis of VLCPUFAs in living species goes through either an alternating desaturation and 
elongation process catalyzed by various desaturases and elongases or a fatty acid synthesis process 
catalyzed by a polyunsaturated fatty acid synthase, a PKS-like mega-enzyme with multiple 
catalytic domains such as KS, KR, DH, ER, AT, MAT and ACP. In the former pathway, multiple 
double bonds are introduced by individual desaturases each with distinct regioselectivity, while in 
the latter pathway, multiple double bonds are introduced presumably through dehydratase activity 
conferred by the embedded DH domains in a PUFA synthase.  
In a type II fatty acid synthesis system, dehydratase such as FabA in Escherichia coli, is a 
discrete enzyme catalyzing the removal of a water molecule from 3-hydroxyacyl-ACP giving 2-
trans-enoyl-ACP, and isomerization of the intermediate to 3-cis-enoyl-ACP with substrate 
preference towards a ten-carbon acyl chain (Finzel et al., 2015), whereby introducing a cis double 
bond in the middle of the final long chain fatty acid. The DH domains of a PUFA synthase share 
sequence and structure similarity to the dehydratase, thus presumably they use a similar 
mechanism to introduce double bonds (Metz et al., 2001; Qiu, 2003). However, this assumption 
has never been confirmed. Moreover, how DH domains in a PUFA synthase for intricately 
positioning multiple double bonds in VLCPUFAs is completely unknown. 
Thraustochytrium sp. 26185, a single cell protist, can produce a high level of DHA and 
DPA (22:5n-6). Our recent in vitro and in vivo experiments showed that a PUFA synthase is 
primarily responsible for the biosynthesis of these VLCPUFAs in this species (Meesapyodsuk and 
Qiu, 2016). Similar to orthologues from other marine microbes (Metz et al. 2001; Okuyama et al. 
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2007; Gong et al. 2014), the PUFA synthase from Thraustochytrium comprises multiple subunits 
with three DH catalytic domains. In this study, the three DH domains from the PUFA synthase 
were dissected with the aid of multiple alignments and homology modeling, and then expressed as 
stand-alone enzymes for functional analysis through complementation test, site-directed 
mutagenesis, and overexpression in E. coli. The results from these studies provide insights into the 
functions of these DH domains of the PUFA synthase in Thraustochytrium. 
4.3 Experimental approach 
4.3.1 Experimental flow  
The experimental approach for this study shown as follows (Figure 4.1). 
 
 
 
Figure 4.1 Experimental flow of chapter 4. 
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4.3.2 Strains, Plasmid, media, and reagents 
Strains, Plasmid, media 
The strain, Thraustochytrium sp. 26185, was purchased from the American Type Culture 
Collection (ATCC 26185). E. coli strains Top10 and BL21 (DE3) were purchased from Invitrogen 
Biotechnology Co. (Grand Island, USA) grown in Luria-Bertani medium (1% peptone, 0.5% yeast 
extract, and 1% sodium chloride). The E.coli FabA gene was provided by Dr. Charles Rock, 
Department of Biochemistry, St. Jude Children’s Research Hospital, Tennessee, USA (Heath & 
Rock, 1996). The temperature sensitive (Ts) FabA mutant (IH131) was ordered from National 
BioResource Project (NBRP E. coli, Microbial Genetics Laboratory, National Institute of Genetics, 
Japan) (Yamazaki & Sugawara, 2009). Intermediated plasmid pGEM-T was purchased from 
Promega Co. (Madison, WI, USA). Expression vectors, pBAD and pET28a were purchased from 
Invitrogen Co. (Carlsbad, CA, USA).  
Reagents 
The DNA purification and plasmid extraction kits were obtained from Bio Basic Inc. (York, 
Ontario, Canada). HP Taq DNA polymerase was purchased from Bio Basic Inc. Q5 polymerase, 
restriction enzymes and dNTP were purchased from New England Biolabs (Ipswich, MA, USA). 
Primers were synthesized by Sigma-Aldrich (St. Louis, MO, USA).  
4.3.3 Sequence analysis of the PUFA synthase in Thraustochytrium 
Sequence analysis of DH domains from the PUFA synthase in Thraustochytrium sp. 26185 
was performed on the genome sequence (GenBank accession no. PRJNA368972). Three open 
reading frame (ORF-A, ORF-B and OFR-C) sequences were entered as query sequence to align 
with online databases. Tools for cataloging FASs/PKSs including BLAST (NCBI), 
ClusterMine360 (Conway & Boddy, 2013), antiSMASH (Medema et al., 2011) and NRPS-PKS 
(Ansari et al., 2004) were used to identify putative domains and active sites. Borderlines of each 
domain were defined through multi-sequence alignment of homologous sequences from 
Schizochytrium, Emiliania huxleyi and Shewanella fidelis by DNAMAN and confirmed by on-line 
homology modeling tools such as the SWISS-MODEL (Biasini et al., 2014) and Phyre server 
(Kelley & Sternberg, 2009). 
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4.3.4 Cloning and expression of DH domains from the PUFA synthase in E.coli. 
To clone and express the DH domains in E. coli, eight primers were designed for 
amplifying them from ORF-A (DH-A) and ORF-C (named DH1-C and DH2-C, respectively) with 
a stop codon at the C-terminus. The DH domain from ORF-A was amplified with primers F DH-
A and R DH-A. The DH1-C domain from ORF-C was amplified with primers F DH1-C and R 
DH1-C while DH2-C domain was targeted by primers F DH2-C and R DH2-C. And the tandem 
DH domain (DH1-DH2-C) was amplified with the primers F DH1-C and R DH2-C. FabA gene 
from E.coli was amplified with primers F-fabA and R-fabA (Table 4.1). Amplicons with the 
expected size were first cloned into an intermediate pGEM-T vector for sequencing confirmation. 
 
 
Table 4.1 Primers used for DH domain amplifications 
 
 
 
Name Sequence (5’-3’) Annotation 
F DH-A GAATTCATGGTGACCCCGCAGCT EcoR I site (underline)  
R DH-A AAGCTTCTAGAAGGCAAGGCTGTCGG Hind III site (underline) 
F DH1-C GAATTCATGGCGCTCCGCGTCA EcoR I site (underline)  
R DH1-C AAGCTTCTACTCCTCGGTGCTGGTGG Hind III site (underline)  
F-DH2-C GAATTCATGTCCCGCCTCGGCGA EcoR I site (underline)  
R-DH2-C AAGCTTCTACGAGGCGGCGGGCTC Hind III site (underline)  
F-fabA GAATTCATTCCGGGGATCCGTCG EcoR I site (underline)  
R-fabA  AAGCTTGAAGCAGCTCCAGCCTAC Hind III site (underline)  
F-pBAD TTGCTATGCCATAGCATTTTTATCC For colonies PCR 
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For expression plasmid construction, the DH and FabA sequences from the pGEM-T 
vector were sub-cloned into a His-tagged vector pBAD for complementation test, meanwhile these 
DNA sequences were introduced into vector pET28a(+) for overexpression assay (Figure 4.S2). 
The purified DH and FabA DNA fragments from pGEM-T and expression vector digested with 
EcoRI and HindIII were ligated according to the standard procedure (Figure 4.S3). The 
recombinant expression vectors were transformed into competent E. coli Top10 cells for 
propagation of the recombinant plasmids. The plasmids were confirmed by restriction enzyme 
digestion and sequencing. 
4.3.5 Complementation of E. coli mutants defective in dehydratase-isomerase activity with 
the DH domains 
For expression plasmid construction, the DH and FabA sequences from the pGEM-T 
vector were sub-cloned into a His-tagged vector pBAD for complementation test, meanwhile these 
DNA sequences were introduced into vector pET28a(+) for overexpression assay. The purified 
DH and FabA DNA fragments from pGEM-T and expression vector digested with EcoRI and 
HindIII were ligated according to the standard procedure. The recombinant expression vectors 
were transformed into competent E. coli Top10 cells for propagation of the recombinant plasmids. 
The plasmids were confirmed by restriction enzyme digestion and sequencing. 
4.3.6 Fatty acid analysis 
The fatty acid profiles of the cell cultures were analyzed through GC analysis. After 
inducible expression, the cells were harvested using 6,000 rpm centrifugation for 10 min, 5 
volumes of PBS buffer (20 mM PBS pH7.0) were added to wash the cells for three times. Equal 
biomass of cells (15 mL) was used for fatty acid analysis with an internal standard (heptadecanoic 
acid, 17:0). Total fatty acids in E. coli samples were converted to fatty acid methyl ester (FAMEs) 
by adding 2 mL of 1% sulfuric methanol and incubated at 80°C for 1 hour. After transmethylation, 
the sample was added 1 mL of 0.9% NaCl and 2 mL of hexane and then mixed by vortex and 
centrifuged at 2,200 rpm for 5 minutes for phase separation. The upper hexane phase was 
transferred to a new glass tube and dried with N2 gas. After drying, the sample was resolubilized 
in hexane and used for GC analysis by using an Agilent 7890A system installed with a DB-23 
column. 
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4.3.7 Site-directed mutagenesis of the DH domains 
Site-directed mutagenesis was conducted to generate DH domains with mutative active site 
through a PCR-based strategy (Ho et al., 1989). The wild-type DH domain sequences cloned into 
the expression vector pET28a were used as the DNA template for site-directed mutagenesis with 
the mutagenic and flanking primers listed in Table 4.2. First, two overlapping sequences with 
mutagenized site and complementary region were amplified separately by PCR using mutagenic 
and flanking primers respectively. Second, two overlapping fragments were fused through 
overlapping PCR with flanking primers. The resulting mutagenized fragment was digested with 
restriction enzyme and sub-cloned into pBAD and pET28a vectors. The recombinant plasmids 
were confirmed by restriction digestion and DNA sequencing. The confirmed plasmids were 
transformed into E. coli strains for functional analysis.  
 
 
Table 4.2 Primer used for site-directed mutagenesis of DH domains 
Name Sequence (5’-3’) Annotation 
F DH-M-A CGCCCACGCACCCTTCGTGAACGAC mutation site 
(underline, Asp to Ala) 
R DH-M-A CGAAGGGTGCGTGGGCGTCCGTGT mutation site 
(underline, Asp to Ala) 
F DH1-M-C GTCTCGGCAGGCTGCAGCCAGAT mutation site  
(underline, Asp to Ala) 
R DH1-M-C GCAGCCTGCCGAGACGAGCGAGC mutation site  
(underline, Asp to Ala) 
F DH2-M-C GGCGTCGCATCCATGTTCCAGCTC mutation site  
(underline, Glu to Ala) 
R DH2-M-C CATGGATGCGACGCCGAGGCTG mutation site  
(underline, Glu to Ala) 
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4.3.8 Overexpression of the DH domains in wild-type E. coli  
Overexpression was performed in wild-type strain E.coli BL21(DE3). The expression 
plasmids and control vector pET28a were transformed into the competent cells. The transformants 
were then spread on the plates containing 50 µg/mL kanamycin. A single colony of the positive 
transformant harboring the expression plasmid was grown overnight in 10 mL of LB medium with 
50 µg/mL kanamycin at 37 °C. A 500 μL aliquot of the overnight culture was inoculated into 100 
mL of fresh LB medium containing kanamycin and incubated aerobically at 37 °C until an A600 of 
0.4 reached. After that, the cell culture was aliquoted into three equal volumes and incubated at 
20°C for inducible expression. Fatty acids profiles of E. coli BL21 (DE3) transformants expressing 
different DH domains were analyzed by GC as described above. 
4.4 Results 
4.4.1 Sequence analysis of DH domains of a PUFA synthase in Thraustochytrium  
To investigate the biosynthetic mechanism of VLCPUFAs in Thraustochytrium sp. 26185, 
the whole genome of this protist was recently sequenced (Zhao et al., 2016). From the genome 
sequence, A PUFA synthase solely responsible for the biosynthesis of DHA in the species was 
identified, and it was comprised of three subunits with three DH catalytic domains (Meesapyodsuk 
& Qiu, 2016) (Figure 4.2A). One DH domain was located at the C-terminus of subunit-A (DH-A) 
sharing approximately 24% sequence identity with the DH domain from a polyketide synthase 
(Rouhiainen et al., 2004), but low sequence similarity to E. coli FabA and FabZ (<10%). A 
predicted active site residue histidine was found in the N-terminal region of DH-A, while another 
active site residue aspartic acid was identified in the middle of the domain. Two DH domains 
resided adjacently at the N-terminal region of subunit-C (DH1-C and DH2-C) and shared only 15% 
sequence identity with each other, but 32% and 27% identity with E. coli FabA, and 11% and 20% 
with E. coli FabZ, respectively. By contrast, both DH1-C and DH2-C shared very low sequence 
identity (<10%) to the DH domain of polyketide synthase (Figure 4.3). Two predicted active 
residues, histidine and aspartic acid/glutamic acid, located in the middle of the domains. 
Noticeably, DH1-C and DH2-C domains contained a long linker sequence upstream and a FabA-
like core domain. This long undefined amino acid sequence predicted a pseudo-domain sharing 
the similar secondary structure as the FabA-like DH domain, but without a conserved active site 
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histidine residue. A combination of pseudo-domain and FabA-like domain contributed a structure 
that might be critical for catalytic activity (Pasta et al., 2007). The boundaries of these DH domains 
of the PUFA synthase were determined by sequence alignment and homology modeling. The DH-
A domain ranged from residue 3161 to 3472 in subunit-A, while two DH domains (DH1-C and 
DH2-C) in subunit-C were from residue 1 to 413 and 414 to 1030, respectively. 
 
 
 
 Figure 4.2 The domain organization of the PUFA synthase and primary VLCPUFAs in 
Thraustochytrium sp. 26185. (A) The domain organization of the PUFA synthase. Three DH domains were 
highlighted by green dotted rectangular line, the number indicating the amino acids positions. ACP, acyl 
carrier protein; KS, 3-ketoacyl-ACP synthase; CLF, chain length factor; KR, 3-ketoacyl-ACP reductase; 
DH, 3-hydroxyacyl-ACP dehydratase; ER, enoyl-ACP reductase; MAT, malonyl acyl transferase. (B) 
Structures of two main VLCPUFAs produced by Thraustochytrium. 
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Figure 4.3 Alignment of the DH domains with FabA and FabZ from E. coli and homologous 
DH domain from polyketide synthase. (A) Sequence alignment of the DH domain from subunit-
A of the PUFA synthase with the DH domain from Microcystis aeruginosa polyketide synthase. 
(B) Sequence alignment of two DH domains from subunit-C of the PUFA synthase with FabA 
(accession no. P0A6Q3.2) and FabZ (accession no. P0A6Q6.1) from E.coli. DH1-C, DH1 domain 
from Subunit-C; DH2-C, DH2 domain from subunit-C; FabA and FabZ, dehydratases from E.coli. 
The putative active sites were highlighted by red rectangular line, and the consensus amino acids 
were marked by shade. 
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4.4.2 Heterologous complementation of E. coli FabA mutant with DH domains 
In E.coli, FabA can catalyze the dehydration of 3-hydroxyacyl-ACP to into a cis-3-enoyl-
ACP with a ten-carbon chain (Rock, 2008), which can then be used for subsequent condensation 
reaction, whereby a cis double bond is retained in an acyl chain. FabA is essential for synthesizing 
UFAs in E. coli to maintain the normal function of cell membrane (Rock et al., 1996). Therefore, 
the complementation test of the DH domains was carried out in a FabA (Ts) mutant with a 
temperature sensitive phenotype, i.e. it could only grow at 30°C, but not at a non-permissive 
temperature (40°C). As shown in Figure 4.4, the mutant expressing three DH domains from the 
PUFA synthase as well as wild-type FabA were all capable of growing at both temperatures (30°C 
and 40°C), in contrast to the mutant with the empty vector that ceased growth at 40°C. This result 
clearly demonstrated that all DH domains from the PUFA synthase could functionally replace 
FabA as 3-hydroxyacyl-ACP dehydratase for the biosynthesis of unsaturated fatty acids in E. coli. 
 
 
 
Figure 4.4 The complementation plate assay of DH domains in E. coli FabA Ts mutant. DH 
domains were inserted behind the inducing promoter PBAD individually. The recombinant plasmids 
were transformed into the FabA Ts mutant. The transformants grown on selection plates with 0.02% 
L-arabinose were incubated overnight at 30◦C and 40◦C, respectively. WT, E. coli wild-type 
W3110; Mutant, E. coli FabA Ts mutant with empty vector; DH-A, the mutant expressing the DH 
domain from subunit-A; DH1-C, the mutant expressing the DH1 domain from subunit-C; DH2-C, 
the mutant expressing the DH2 domain from subunit-C; DH1-DH2-C, the mutant expressing both 
DH1 and DH2 from subunit-C. 
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To obtain further insight into fatty acid profiles in the complementary transformants, six 
major fatty acids were measured in these strains grown at the permissive temperature, including 
myristic acid (14:0), palmitoleic acid (16:1-9), palmitic acid (16:0), 9,10-methylene-hexadecanoic 
acid (17:0-cyclopropane fatty acid, 17:0-cyc), cis-vaccenic acid (18:1-11) and 11,12-methylene-
octadecanoic acid (19:0-cyclopropane fatty acid, 19:0-cyc). As shown in Figure 4.5, compared to 
the wild-type strain, the production of these fatty acids was severely compromised in the FabA 
mutant, particularly for unsaturated fatty acids 16:1-9 and 17:0-cyc, which led to the significant 
reduction of both unsaturated fatty acids and total fatty acids in the mutant strain. On the other 
hand, expression of all DH domains from the PUFA synthase in the mutant reversed the defective 
phenotype. Specifically, when DH-A was expressed in the mutant, the amounts of fatty acids such 
as 16:0, 16:1-9, 17:0-cyc, 18:1-11 were significantly higher than the mutant with empty vector. 
When DH1-C and DH2-C expressions were compared, the amounts of 16:0 and 18:1, as well as 
the total fatty acids produced in DH1-C complementary strain, were slightly higher than those in 
DH2-C complementary strain. The mutant expressing both domains (DH1-DH2-C) produced the 
highest amounts of 16:0, 17:0-cyc and 18:1-11 as well as total fatty acids than those expressing 
three individual DH domains and the wild-type control. However, the ratio of UFAs to SFAs was 
the highest in the mutant expressing DH-A, and lowest in the mutant expressing two tandem DH 
domains (DH1-DH2-C) among these complementary strains (Table 4.3). 
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Figure 4.5 The amount of fatty acids produced in the E. coli FabA mutant expressing the DH 
domains from the PUFA synthase at 30oC. Values are reported as the means of three biological 
replicates along with standard deviation. The means with the same letters are not statistically 
significantly different. Fatty acid abbreviations are the following: myristic acid (14:0), palmitic 
acid (16:0), palmitoleic acid (16:1-9), 9,10-methylene-hexadecanoic acid (17:0-cyc), octadecanoic 
acid (18:0), cis-vaccenic acid (18:1-11) and 11,12-methylene-octadecanoic acid (19:0-cyc). 
Statistical analysis of the results was conducted using the oneway analysis of variance (P<0.05). 
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Table 4.3 Production of saturated and unsaturated fatty acids in E. coli FabA mutant 
expressing the DH domainsa. EV, mutant with the empty vector control; FabA, mutant expressing 
FabA; DH-A, mutant expressing DH domain from subunit-A; DH1-DH2-C, mutant expressing 
DH1-DH2 domain from subunit-C; DH1-C, mutant expressing DH1 domain from subunit-C; 
DH2-C, mutant expressing DH2 domain from subunit-C. 
  The amount of fatty acids produced (mg/L)b UFA/SFA 
ratio Strain Total UFA SFA 
EV 77.60±1.33D 34.94±1.07C 42.66±1.16C 0.82 
DH-A 100.65±4.98B 48.49±4.71A 52.17±4.35B 0.93 
DH1-DH2-C 112.74±1.27A 45.42±0.59A 67.32±0.65A 0.67 
DH1-C 94.45±4.72B 44.92±3.31A 49.53±2.51B 0.91 
DH2-C 84.71±2.44C 40.36±1.18B 44.35±1.25C 0.91 
WT 90.54±1.88BC 44.88±1.03A 45.36±3.38BC 0.98 
                      aProduction of saturated (SFA) and unsaturated fatty acids (UFA) in the expression of 
DH domains in E. coli FabA mutant; bValues were reported as the means ± standard 
deviations for three biological replicates. The means with the same letters are not 
statistically significantly different, while the means with different letters are statistically 
significantly different according to the one-way analysis of variance (P < 0.05). 
 
 
4.4.3 Site-directed mutagenesis analysis of the DH domains  
The DH domains in the PUFA synthase was predicted according to the conserved 
characteristic residues at their putative active sites. To confirm authenticity of these residues for 
the function of the DH domains, the aspartic acid or glutamic acid residue at the predicted active 
sites of the DH domains was replaced by an alanine residue using site-directed mutagenesis. 
Individual mutated domains were then expressed as stand-alone enzymes for the complementation 
analysis. The result showed that, like the mutant with empty vector, all the transformants 
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expressing single mutated DH domain could grow only at 30°C, but not at the non-permissive 
temperature 40°C. In contrast, the mutant with wild type DH domain that could grow at both 
temperatures (Figure 4.6). This result reaffirmed that the putative active residue is essential for the 
catalytic function of these DH domains. In addition, these mutant domains were also over-
expressed in a wild type E. coli strain. Intriguingly, expression of individual mutated DH domains 
from subunit-C (DH1-M-C or DH2-M-C), but not mutated DH domain from subunit A (DH-M-
A), resulted in significantly reduced fatty acid production relative to the wild type control. 
Expression of two tandem DH domains from subunit-C with either being mutated revealed slightly 
stronger effect of the mutated DH1-C (DH1-M-DH2-C) over the mutated DH2-C (DH1-DH2-M-
C) (Figure 4.S1). 
 
 
 
Figure 4.6 The complementation plate assay of DH domains in E. coli FabA Ts mutant as 
conducted in Figure 4.4. DH-M-A, the mutant expressing mutated DH domain from subunit-A; 
DH1-M-C, the mutant expressing mutated DH1 domain from subunit-C; DH2-M-C, the mutant 
expressing mutated DH2 domain from subunit-C. DH1-M-DH2-C, the mutant expressing mutated 
DH1 along with DH2 from subunit-C; DH1-DH2-M -C, the mutant expressing mutated DH2 along 
with DH1 from subunit-C. 
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4.4.4 Overexpression of the DH domains in E. coli 
To further study functional roles of the DH domains, these domains were over-expressed 
under a strong promoter in a wild type E. coli strain. As shown in Figure 4.7, all the transformants 
expressing the DH domains produced significantly higher levels of the total fatty acids, compared 
with the control and FabA expression. In particular, overexpression of DH-A enhanced the UFA 
level most significantly with the amount of UFAs including 16:1-9, 17:0-cyc and 18:1-11 being 
increased by 38.4%. Overexpression of DH1-C produced a slightly higher amount of the total fatty 
acids than overexpression of DH2-C in the wild type strain. Overexpression of two tandem DH 
domains improved the fatty acid production most significantly among the overexpressions. The 
overall production of fatty acids was at 119 mg/L which was increased by approximately 50% over 
the control. When the relative levels of UFAs and SFAs produced in these strains were compared, 
DH-A overexpression produced a ratio of UFAs/SFAs higher than that in the control, while the 
ratios of UFAs/SFAs in the overexpression of DH1-C, DH2-C and DH1-DH2-C, as in the 
overexpression of FabA, were all lower than the control (Table 4.4). The lower ratios of 
UFAs/SFAs in these overexpressions were mainly attributed to a higher production of overall fatty 
acids, particularly SFAs. This result indicated that overexpression of all the DH domains could 
significantly improve the overall production of the total fatty acids, however, the DH domain from 
subunit-A was able to produce UFAs more efficiently and the DH domain from subunit-C could 
improve the production of the total fatty acids especially SFAs more efficiently in E. coli.  
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Figure 4.7 The fatty acids production of DH over-expressions in wild-type E. coli. EV, E. coli 
BL21 with empty vector; FabA, E. coli BL21 overexpressing FabA; DH-A, E. coli BL21 
overexpressing the DH domain from subunit-A; DH1-DH2-C, E. coli BL21 overexpressing 
DH1and DH2 domains from subunit-C; DH1-C, E. coli BL21 overexpressing the DH1 domain 
from subunit-C; DH2-C, E. coli BL21 overexpressing the DH2 domain from subunit-C. Values are 
reported as the means of three biological replicates along with standard deviation. The means with 
the same letters are not statistically significantly different. Fatty acid abbreviations are the 
following: myristic acid (14:0), palmitic acid (16:0), palmitoleic acid (16:1-9), 9,10-methylene-
hexadecanoic acid (17:0-cyc), octadecanoic acid (18:0), cis-vaccenic acid (18:1-11) and 11,12- 
methylene-octadecanoic acid (19:0-cyc). Statistical analysis of the results was conducted using the 
oneway analysis of variance (P<0.05). 
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Table 4.4 Production of saturated and unsaturated fatty acids in wild-type E. coli BL21 
overexpressing the DH domainsa. EV, the empty vector control; FabA, E.coli 
BL21overexpressing FabA; DH-A, E.coli BL21 overexpressing DH domain from subunit-A; 
DH1-DH2-C, E.coli BL21 overexpressing DH1-DH2 domain from subunit-C; DH1-C, E.coli 
BL21 overexpressing DH1 domain from subunit-C; DH2-C, E.coli BL21 overexpressing DH2 
domain from subunit-C. 
  The amount of fatty acids produced (mg/L)b 
UFA/SFA ratio 
Strain Total UFA SFA 
EV 80.19±3.02D 52.23±1.81C 27.96±2.08D 1.87 
FabA 84.18±1.95D 51.48±1.04C 32.69±0.46C 1.57 
DH-A 108.85±3.22B 72.60±2.47A 36.26±2.68B 2.00 
DH1-DH2-C 119.58±1.71A 69.35±1.59A 50.23±1.02A 1.38 
DH1-C 101.97±3.43B 65.30 ±1.31A 36.67±1.09B 1.78 
DH2-C 93.12±5.64C 60.42±2.33B 32.71±1.36C 1.83 
aProduction of saturated (SFA) and unsaturated fatty acids (UFA) in the overexpression of DH 
domains in wild-type E. coli. 
bValues were reported as the means ± standard deviations for three biological replicates. The 
means with the same letters are not statistically significantly different, while the means with 
different letters are statistically significantly different according to the one-way analysis of 
variance (P < 0.05). 
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4.5 Discussion 
PUFA synthases have been identified in many marine microorganisms such as bacteria, 
protists, fungi and algae where that are primarily responsible for the biosynthesis of VLCPUFAs 
such as EPA, DPA and DHA (Okuyama et al., 2007; Gong et al., 2014; Meesapyodsuk & Qiu, 
2016). However, the exact molecular mechanism of a PUFA synthase for intricately positioning 
multiple double bonds in VLCPUFAs remains unknown. The PUFA synthase in Thraustochytrium 
sp. 26185 comprises three large subunits, each with multiple domains predicted by the presence 
of characteristic active site motifs. It has been assumed that DH and KS domains of a PUFA 
synthase play key roles in the biosynthesis of VLCPUFAs where DH domains catalyze 
introduction of double bonds while KS domains are responsible for retaining the double bonds 
(Metz et al., 2001; Qiu, 2003; Xie et al., 2017). However, this assumption has never been proved.  
E. coli is able to synthesize both SFAs and UFAs through a Type II fatty acid synthesis 
system using two different types of dehydratases. FabZ catalyzes dehydration of 3-hydroxyacyl-
ACPs with a wide range of chain length to corresponding trans-2-enoyl-ACPs, which are then 
reduced by enoyl-ACP reductase to saturated acyl-ACPs. FabA is a bifunctional enzyme that 
catalyzes dehydration of 3-hydroxyacyl-ACP of ten-carbon chain length to trans-2-enoyl-ACP 
and subsequently isomerization of trans-2-enoyl-ACP to cis-3-enoyl-ACP (Feng & Cronan, 2009), 
which is then used for subsequent condensation reaction whereby the double bond is retained. 
FabA works as a dimer where each monomer comprises a central -helix wrapped by two six-
stranded antiparallel β-sheets (Leesong et al., 1996) and two active sites are formed at the interface 
with His and Asp/Glu active residues contributed by two monomers. This unique structure is 
important for the dehydratase activity in producing UFAs (Cronan & Thomas, 2009). The FabA 
Ts mutant has low dehydratase activity and is UFA-auxotrophy at the non-permissive temperature 
where the mutated FabA is unable to form the appropriate dimer structure for synthesizing UFAs 
(Rock et al., 1996). DH-A of the PUFA synthase from Thraustochytrium has higher sequence 
similarity to DH domains of polyketide synthases and very low sequence similarity to E. coli FabA 
and FabZ, while DH1-C and DH2-C have relatively higher sequence similarity to E. coli 
dehydratases, particularly to FabA, but low similarity to DH domains of polyketide synthases. 
However, expressions of all three DH domains of the PUFA synthase can restore the defective 
phenotype, indicating all these domains can functionally replace FabA for the biosynthesis of 
unsaturated fatty acids in E. coli. 
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As DH domains from the PUFA synthase can functionally complement FabA mutant, we 
then overexpressed the DH domains in a wild type E.coli strain to interrogate if they have any 
implication in fatty acid production. It is noticed that the most drastic implication occurs when the 
two tandem DH domain from subunit-C was overexpressed where the amount of total fatty acids 
was increased by 50% over the wild type control. Similar to overexpression of FabA, 
overexpressions of either tandem or individual DH domains from subunit-C produce SFAs more 
efficiently than UFAs (Table 4.4). By contrast, overexpression of DH-A domain produced UFAs 
more efficiently. These results suggest that DH1-C and DH2-C, other than DH-A, are functionally 
(not just structurally) more similar to FabA. Site-directed mutagenesis were then performed to 
examine the functions of DH domains from the PUFA synthase. The aspartic acid or glutamic acid 
residue at the predicted active site of these domains is highly conserved in dehydratases, and DH 
domains of PUFA synthases and polyketide synthases (Keatinge-Clay, 2012; Lu et al., 2004; 
Rawsthorne, 2002; Smith et al., 2003). When this residue in the DH domains of the PUFA synthase 
was changed to an alanine residue, all the substitutions could not complement the defective 
phenotype of the FabA mutant, confirming the critical role of this amino acid in defining the 
catalytic activity in those DH domains. Intriguingly, overexpression of mutated DH domains from 
subunit-C (DH1-M-C and DH1-M-C), but not mutated DH domain from subunit A (DH-M-A), 
resulted in reduced fatty acid production relative to the wild type control (Figure 4.S1). The lower 
production of total fatty acids in E.coli transformants with mutated DH1-C or DH2-C might result 
from the phenomenon called “dominant negative mutation effect” (Ira 1987; Sheppard, 1994) 
where the competition of a non-functional enzyme (mutated DH1-M-C or DH2-M-C) with a 
functional enzyme (endogenous FabA) for the same substrate or dimerization of one mutated 
monomer (mutated DH1-M-C or DH2-M-C) and one intact monomer (endogenous FabA) occurs. 
Regardless, this result restates the functional and structural similarity between DH domains from 
subunit-C and FabA. On the basis of these results, we believe that DH-A might function as a 
general dehydratase mainly responsible for introducing a 2-trans double bond, while DH1-C and 
DH2-C might introduce a 3-cis double bond during the biosynthesis of VLCPUFAs in 
Thraustochytrium. The trans double bond produced by DH-A could be reduced by either of two 
ER domains in the PUFA synthase while the cis double bond produced by DH-C could be retained 
in VLCPUFAs.  
 70 
 
So far, functional analysis of PUFA synthases has been limited to the expression of the 
mega-enzyme as a whole in a heterologous system such as E. coli (Amiri-Jami et al., 2014; 
Meesapyodsuk & Qiu, 2016) with very few reports tapping into the function of individual catalytic 
domains. The main reason for this might be the absence of suitable substrates, purified domain 
proteins and other cofactors for the in vitro assays of fatty acid synthesis. This study attempted to 
dissecting the embedded catalytic DH domains from the PUFA synthase in Thraustochytrium and 
expressing these domains as stand-alone enzymes in E. coli dehydratase mutant and wild type 
strains. Successful complementation and functional expression of individual DH domains is the 
first step towards the final elucidation of the molecular mechanism for the PUFA synthase 
underlying the biosynthesis of VLCPUFAs. 
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4.6 Supplemental Data 
 
Figure 4.S1 Fatty acid production in a wild type E. coli strain over-expressing the mutated 
DH domains. EV, E. coli BL21 with empty vector; DH-M-A, E. coli BL21 overexpressing the 
mutated DH domain from subunit-A; DH1-M-C, E. coli BL21 overexpressing mutated DH1 
domain from subunit-C; DH2-M-C, E. coli BL21 overexpressing mutated DH2 domain from 
subunit-C; DH1-M-DH2-C, E. coli BL21 overexpressing mutated DH1 along with DH2 from 
subunit-C; DH1-DH2-M-C, E. coli BL21 overexpressing mutated DH2 along with DH1 from 
subunit-C. Values are reported as the means of three biological replicates along with standard 
deviation. The means with the same letters are not statistically significantly different. Statistical 
analysis was of the results from experiments conducted using the one-way analysis of variance 
(P<0.05). 
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Figure 4.S2 Construction of the expression plasmids for overexpression.  
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Figure 4.S3 Construction of the expression plasmids for complementation test.  
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4.7 Connection to next study 
The study in Chapter 3 showed that a KS domain from subunit-B of PUFA synthase could 
complement an E. coli mutant defective in ketoacyl-ACP synthase I (FabB). To further 
functionally analyze this domain, it was expressed in wild type and mutant (KASI knockout) 
Arabidopsis thaliana. The result was described in the next study (Chapter 5).   
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CHAPTER 5. ENHANCING OIL PRODUCTION IN ARABIDOPSIS 
THROUGH EXPRESSION OF A KETOACYL-ACP SYNTHASE DOMAIN 
OF THE PUFA SYNTHASE FROM THRAUSTOCHYTRIUM. 
 
5.1 Abstract 
Thraustochytrium is a marine protist that can produce a high level of nutritionally 
important VLCPUFAs using a PUFA synthase, a PKS-like fatty acid synthase comprising three 
large subunits each with multiple catalytic domains. However, the exact functions of these 
domains were not well understood. A previous study showed that a KS domain from subunit-B 
could complement an Escherichia coli mutant defective in ketoacyl-ACP synthase I (FabB). In 
this study, this KS domain from the PUFA synthase was further functionally analyzed in 
Arabidopsis thaliana. The result showed that the plastidial expression of the domain could 
complement the defective phenotypes of a kasI knock-out mutant. Seed-specific expression of the 
domain significantly increased seed weight and seed oil, and altered the unsaturation level of fatty 
acids in seeds. In addition, overexpression of the domain also promoted seed germination and early 
seedling growth. These results indicate that the condensation process of fatty acid biosynthesis in 
plants is a limiting step and overexpression of the KS domain from a PUFA synthase of microbial 
origin offers a new strategy to increase oil production in commercial oilseed crops. 
5.2 Introduction  
Plant seed oil is an important bioresource not only for nutrition providing high energy saturated 
fatty acids and nutraceutical unsaturated fatty acids, but also for industrial bioproducts such as 
biofuel and biopolymers replacing non-renewable and environmentally unfriendly petro-polymers 
and petro-fuels (Kumar et al., 2016; Robinson & Mazurak, 2013; Wang et al., 2014). Therefore, 
increasing oil content in seeds has long been one of the primary targets in the breeding programs 
of oilseed crops. In the past few years, the success has been made through various molecular 
breeding approaches, such as manipulation of transcriptional factors in carbon partitioning and 
regulation of the biosynthetic process of lipids, and overexpression of key enzymes in fatty acid 
biosynthesis and assembly. For example, overproduction of the regulator WRINKLED1 resulted 
in the enlarged seeds and an 10-40% increase of oil in Arabidopsis thaliana (Liu et al., 2010). 
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Over-expression of a yeast glycerol-3-phosphate dehydrogenase for the formation of glycerol-3-
phosphate  at the starting point of the Kennedy pathway boosted the lipid content by 40% in the 
seeds of oilseed rape (Vigeolas et al., 2007). Seed-specific expression of acyl-CoA: diacylglycerol 
transferase 1 (DGAT1) for the biosynthesis of TAG by acylating diacylglycerol (DAG) with acyl-
CoA contributed to about 20% enhancement of seed oil content in Arabidopsis thaliana (Jako, 
2001). In addition, increases of the activities of plastidial enzymes such as biotin carboxyl carrier 
protein isoform 2 (BCCP2) in acetyl-coenzyme carboxylase (ACCase), pyruvate transporter 
(BASS2) and purple acid phosphatase 2 could also enable the augmentation of oil levels in plants 
(Gu et al., 2017; Roesler et al., 1997; Zhang et al., 2012).  
In plant, fatty acid biosynthesis occurs in plastids where ACCase catalyzes the formation 
of malonyl-CoA from acetyl-CoA initially, and then a type II FAS  complex uses malonyl thioester 
as an extender for the synthesis of long chain saturated fatty acids such as 16:0 and 18:0 through 
a repetitive cycle of four catalytic reactions: condensation, keto-reduction, dehydration and enoyl-
reduction (Magnuson et al., 1993). After synthesized, these two long chain fatty acids are often 
desaturated by a soluble acyl-ACP 9-desaturase in the stroma of plastids giving 16:1-9 and 18:1-
9. Subsequently, these saturated and monounsaturated long chain fatty acids are exported to 
cytosol where they can be further modified by desaturations to introduce more double bonds or 
elongations to extend the chain length. With few exceptions (Meesapyodsuk et al., 2018), higher 
plants do not possess capacity to synthesize very long chain VLCPUFA with the chain length of 
20C or more and the double bonds of two or more.   
De novo biosynthesis of VLCPUFAs occurs mainly in microorganisms where their 
biosynthesis goes through either an aerobic pathway catalyzed by desaturases and elongases or an 
anaerobic pathway catalyzed by a PUFA synthase. Thraustochytrium is a protist producing a high 
level of a nutritionally important VLCPUFA DHA. Biosynthesis of this fatty acid is catalyzed by 
a PUFA synthase, a polyketide synthase-like mega-enzyme (Meesapyodsuk & Qiu, 2016; Zhao et 
al. 2016). Structurally, PUFA synthase shares similarity to both type I and type II fatty acid 
synthases in catalytic domains and motifs. Functionally, both PUFA synthase and Type I and II 
fatty acid synthases catalyze the synthesis of fatty acids through similar reiterative reactions such 
as condensation, keto-reduction, dehydration and enoyl-reduction using acyl-ACPs as substrates 
(Janßen & Steinbüchel, 2014; Schweizer & Hofmann, 2004; Yoshida et al., 2016). The PUFA 
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synthase in Thraustochytrium comprises three large subunits; each with multiple catalytic domains. 
However, the exact functions of these domains remain poorly understood. Our previous study 
showed KS domains from the PUFA synthase could functionally complement the defective 
phenotype of two E. coli mutants of acyl-ACP synthases. Particularly, overexpression of one KS 
domain from subunit-B (KS-B) resulted in accumulation of a high level of total fatty acids as well 
as unsaturated fatty acids (Xie et al. 2017).  
The aim of this study was to extend our previous efforts on this domain to model plant 
Arabidopsis for further functional analysis. The result showed that the KS domain was functional 
in plant and could complement the defective phenotype of Arabidopsis KASI knockout mutant and 
the seed specific expression of this domain in wild type Arabidopsis significantly enhanced seed 
weight and seed oil, and promoted seed germination and seedling growth. These results emphasize 
that the condensation process of the fatty acid biosynthesis in plants is a limiting step and the 
enhanced activity by overexpression of the KS domain from a PUFA synthase of microbial origin 
offers an attractive biotechnological approach to increase oil content in commercial oilseed crops. 
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5.3 Experimental approach 
5.3.1 Experimental flow 
 
Figure 5.1 Experimental flow of chapter 5 
 
 
5.3.2 Material and reagent 
Agrobacterium tumefaciens and E. coli media were purchased from Bio Basic Inc. (York, 
Ontario, Canada). Fatty acids and the multiple standards were obtained from Nu-Chek-Prep, Inc. 
(Elysian, MN, USA). Q5 DNA polymerase, restriction enzymes, T7 Endonuclease and 
deoxynucleotide triphosphate (dNTP) were purchased from New England Biolabs (Ipswich, MA, 
USA). HP Taq DNA polymerase was obtained from Bio Basic Inc. (York, Ontario, Canada). 
Primers were synthesized from Sigma-Aldrich (St. Louis, MO, USA). GC grade solvents Fisher 
Scientific (Ottawa, ON, Canada). All other chemicals were purchased from Sigma-Aldrich Ltd 
(Oakville, ON, Canada). The intermediate vector and expression vectors for clustered regularly 
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interspaced short palindromic repeats/CRISPR-associated protein-9 nuclease (CRISPR/Cas9) 
system were purchased from Addgene (Watertown, MA, USA).  
5.3.3 Construction of plant expression vectors  
To express the KS domain in Arabidopsis thaliana, two different constructs with different 
selection and screening marker genes were built. The plastidial overexpression construct contains 
a KS domain from PUFA synthase (accession no. PRJNA368972) fused with a  functional 
chloroplasts transit peptide (CTP) (for anchoring the KS domain protein to chloroplast) at the N-
terminus (Lee et al., 2006) and a DsRed2 from Discosoma sp. encoding a red fluorescent protein, 
each under the control of a seed-specific napin promoter (Josefsson et al., 1987), as well as an 
antibiotic kanamycin-resistance gene under the control of a constitutive nos promoter. 
For disrupting Arabidopsis KASI (AtKASI), a CRISPR/Cas9 construct targeting AtKASI 
was built. Two single guide RNAs (sgRNA) targeting KASI gene (AT5G46290) were designed 
using the previous protocol (website: (http://skl.scau.edu.cn) (Xie et al. 2017)). The sgRNA 
sequences were then inserted into an intermediate plasmid behind an AtU3d promoter. The 
recombinant AtU3d promoter-driving sgRNA cassettes were then inserted into 
pYLCRISPR/Cas9Pubi-B vector (Ma and Liu, 2016). For transgenic seed screening, a napin 
promoter was used to guide a modified green fluorescent protein (eGFP) gene at the SpeI site of 
pYLCRISPR/Cas9Pubi-B. 
5.3.4 Transformation of Agrobacterium with recombinant vector 
Electrocompetent cells of Agrobacterium tumefaciens GV3101 were prepared as follows. 
Agrobacterium cells were grown for 24 h in LB medium with 50 ug/mL gentamycin. When the 
A600 reached 0.7, the cells were chilled on ice and pelleted by centrifugation (5,000 rpm for 10 min 
at 4°C). The pellet was washed in 1, 0.5, and 0.02 volumes of cold 10% (v/v) sterile glycerol and 
resuspended in 0.01 volume of cold 10% (v/v) glycerol. The electrocompetent cells were then 
frozen in liquid N2 and stored at ≤-70°C. The Agrobacterium cells were transformed by 
electroporation with 20 to 50 ng of DNA according to the manufacturer’s instructions. 
Transformed cells were plated on a selective medium (LB broth with corresponding antibiotic), 
and incubated for 48 h at 28°C. Single transformed cells were grown for 16 h (28°C, 225 rpm) in 
5 mL LB broth with corresponding antibiotic and 50ug/mL gentamicin. The fidelity of the 
construct was rechecked by PCR before floral dipping transformation.  
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5.3.5 Transformation of Arabidopsis and genotyping of transgenics 
The flowering plants in the growth chamber were used for transformation following the 
floral dip method (Clough & Bent, 1998). The transgenic seeds were selected by fluorescence, and 
grown on soil for the next generation. The transgenic plants were genotyped every generation and 
the seeds from positive lines were harvested and planted for the next generation. Genomic DNA 
of wild type and transgenic plants was extracted with Edward method (Edwards et al. 1991). The 
PCR condition was 30 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and 
extension at 72 °C for 30 s. 
5.3.6 Transcriptional expression analysis 
The samples of 7th-8th rosette leaf and developing siliques at 12 to 14 days after flowering 
(DAF) from T3 overexpressing lines and wild type were collected and frozen in liquid N2. RNA 
was extracted by Qiagen RNeasy Mini Kit (Germantown, MD, USA) and treated with DNase I for 
30 min to digest contaminating DNA in samples. The biosynthesis of complementary DNA was 
carried out using SuperScript™ III Reverse Transcriptase from Invitrogen (Carlsbad, CA, USA). 
Quantitative RT-PCR was performed with PowerUp™ SYBR™ Green Master Mix from Fisher 
Scientific (Carlsbad, CA, USA). The PCR conditions were as follows: 50◦C 2 min, 95◦C for 2 min, 
40 cycles of 95◦C for 5 s, 60◦C for 1min, and one cycle of 95◦C for 15 s, 60◦C for 1 min, and 95◦C 
for 15 s for melt curve stage. The expression of the housekeeping gene AtActin-2 (AT3G18780) 
was used as references (Wang et al., 2014). The expression level was normalized by that of 
ACTIN-2 and the primer pairs used for the PCR were listed in Table.S1. 
5.3.7 Fatty acid composition and oil content analysis 
For fatty acid analysis, single seed was placed in a glass tube with a screw cap and 5 µl of 
10 µg/mL heptanoic acid (C17:0) was added as an internal standard for quantification. 2 mL of 1% 
(v/v) H2SO4 with methanol was added to the glass tube. Samples were incubated for 10 min at 
80◦C, and then seeds were pressed by glass rod and incubated at 80◦C for 1h to transmethylate 
fatty acids into their FAMEs. FAMEs were extracted with hexane and 1.0 mL of 0.9% NaCl was 
added to enhance phase separation. FAMEs were quantified using an Agilent 7890A system 
installed with a DB-23 column (30 m, 0.25 mm, 0.25 µm).  
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5.3.8 Seed weight determination 
To examine seed weight, T2 seeds of three individual plants from different pots with the 
same genotype were mixed together and dried in open tubes for 3 days at room temperature. The 
seeds weight form wild type and four transgenic plants were collected and weight four times. For 
each replicate of four, 300 seeds of each sample collections were collected and weighed. 
5.3.9 Seed germination and seedling growth  
The surface-sterilized seeds were plated on agar plates of MS (Murashige and Skoog) 
medium containing 1% sucrose, and incubated in darkness for 3 days at 4 °C. The plates were then 
placed vertically in a growth chamber set to 22 °C under a 16-h-light (120 μEm−2 s−1)/8-h-dark 
photoperiod for 4 days. Then the germination rate and seedling length were measured. 
5.3.10 CRISPR/Cas9 knockout mutant screening and complementation test 
The knockout mutant generated by CRISPR/Cas9 was genotyped in T2 plants by 
sequencing of target genes. The authentic mutant lines were used for the complementation test. 
The phenotype for the mutant and mutant complemented lines were observed and recorded every 
7 days.  
5.4 Results 
5.4.1 Sequence comparison of the KS domain with 3-ketoacyl-ACP synthase I from plants 
The PUFA synthase from Thraustochytrium was comprised of three subunits encoded by 
three large open reading frames (ORFs), each with multiple catalytic domains predicted by the 
presence of characteristic active site sequence motifs or residues (Meesapyodsuk and Qiu, 2016). 
One KS domain (KS-B) from residue 1 to 469 was identified in subunit-B of the PUFA synthase. 
Comparison of this KS domain with representative plant 3-ketoacyl-ACP synthase I (KASI) 
(Figure 5.2) showed that the KS domain shared only about 20% amino acid sequence identity with 
KASI enzymes from Arabidopsis thaliana, Jatropha curca, Nicotiana tabacum, Oryza sativa 
throughout the entire sequence. However, key residues in the active site such as a cysteine (C), 
two histidine (H) and a lysine (K) residues essential for the decarboxylation during the 
condensation process were completely conserved among these sequences. In addition, a glycine 
(G) residue presumably located at the accepting entrance of the substrate-binding tunnel, and two 
threonine (T) residues likely involved in hydrogen bonding with the ACP phosphopantetheine 
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moiety were also highly conserved. Furthermore, a glycine-rich motif located in the C-terminus 
contributing to the formation of an oxyanion hole for decarboxylation reaction was also observed 
among these sequences (Davies et al., 2000; White et al., 2005; Zhang et al., 2005). 
 
 
Figure 5.2 Comparison of the KS domain with KASI from plants. Red boxes represent 
conserved residues directly involved in the catalysis. Blue boxes represent conserved residues 
interacting with substrate, the green box represents a glycine motif in the C-terminus. PUFA-KS, 
PUFA synthase (PRJNA368972); At, Arabidopsis thaliana (NM_001036941); Jc, Jatropha curcas 
L. (KDP37953) Nt, Nicotiana tabacum (KX033513); Os, Oryza sativa (LOC_Os06g09630). 
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5.4.2 Generation of the constructs disrupting endogenous KASI and expressing the KS 
domain in Arabidopsis 
To functionally analyze the KS domain in Arabidopsis, two binary plasmids were 
constructed. The first one was used to disrupt endogenous KASI genes, and the other was used to 
express the KS domain as a standalone enzyme from the PUFA synthase. To generate a construct 
to disrupt the KASI genes in Arabidopsis, two sets of overlapping sgRNA primer sequences 
targeting the conserved coding region of the gene were designed. The adaptor formed from each 
set of primers with a sgRNA sequence was inserted behind an Arabidopsis U3 promoter in an 
intermediate plasmid pLYsgRNA-AtU3d, giving a sgRNA expression cassette. Two sgRNA 
expression cassettes were amplified with universal primer sets (Ma and Liu, 2016) and assembled 
into a CRISPR/Cas9 binary vector pYLCRISPR/Cas9-Pubi-B by a single golden gate ligation, 
giving the KASI-disrupting plasmid. Besides the two sgRNA expression cassettes for guiding the 
disruption of targeted genes, this construct was also comprised of a cassette expressing Cas9 under 
a constitutive ubiquitin promoter for cutting the targeted sites, a cassette expressing a herbicide 
resistant Bar gene under a constitutive 35S promoter for selecting transgenic plants, and a cassette 
expressing a modified green fluorescent protein (eGFP) from Aequorea victoria under a seed-
specific napin promoter for screening transgenic seeds (Figure 5.3a).  
The second binary plasmid was constructed to express the KS domain in Arabidopsis. It 
was comprised of three expression cassettes. The first cassette was to express the domain as a 
standalone protein with a chloroplast transit peptide from Arabidopsis fused to the N-terminus 
under the control of the seed-specific promoter. The second cassette was to express an antibiotic 
kanamycin-resistance gene under the control of a constitutive promoter for selecting transgenic 
plants. The third cassette was to express a red fluorescent protein gene (DsRed2) from Discosoma 
under the seed specific promoter for screening transgenic seeds. (Figure 5.3 b).   
After the confirmation of the structures of the two constructs by sequencing, they were 
introduced into Arabidopsis by floral dipping through an Agrobacterium tumefaciens 
transformation approach. Transgenic seeds with fluorescence were selected under a fluorescent 
microscope and grown to the next generation for further analysis.  
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Figure 5.3 Schematic representation of the T-DNA region of two binary vectors. a. The T-
DNA for of AtKASI-disrupting plasmid; b. The T-DNA region of the KS-domain expression 
plasmid. 
 
 
5.4.3 Complementation of Arabidopsis kasI mutant by the KS domain 
Arabidopsis KASI is essential for the biosynthesis of fatty acids in Arabidopsis, knockout 
mutants for this enzyme might not be easily obtained for the functional complementation test. 
Therefore, for the complementation assays of the KS domain in Arabidopsis, two approaches were 
attempted. The first approach was to generate a kasI mutant in wild type Arabidopsis using a 
CRISPR/Cas9 technique and to express the domain in the mutant subsequently, if it was amenable. 
The second approach was to express the domain first in wild type Arabidopsis and then to disrupt 
the KASI by the CRISPR/Cas9 technique under the KS-expressed background. 
To knock out KASI in Arabidopsis, the disrupting construct was first used to transform 
wild type Arabidopsis thaliana. The transgenic seeds were selected under a fluorescent microscope 
and grown to the next generation for genotyping and phenotyping. Genotyping transgenic T2 
plants by sequencing the amplicons of targeted genes identified three homozygous lines with 
deletion mutation between two targeted sites of the KASI gene (kasI-1,4,11).  However, all these 
lines exhibited similar abnormal growth, smaller and shorter seedlings at the early growth stage, 
and semi-dwarf at the late growth stage (Figure 5.4), compared to the wild type. The similar 
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phenotype was previously observed in a kasI mutant generated by a T-DNA insertion (Wu & Xue, 
2010). Due to the severe growth defect, re-transformation of the mutant with the KS-expression 
construct for the complementation test was not successful. 
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Figure 5.4 Complementation of the kasI mutant in Arabidopsis. a. Growth phenotypes of kasI 
mutant line, kasI complementation line (KS/kasI) at 23 days after growing (DAG). Bars = 2 cm. b. 
Growth phenotypes of kasI mutant line, kasI complementation line (KS/kasI) at 35 DAG. Bars = 
2 cm. 
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As the first approach for the complementation assay was unsuccessful, we then resorted 
the second approach, expressing the KS domain in Arabidopsis first and then disrupting KASI 
under the KS-expressed background. A transgenic plant expressing the KS domain obtained using 
the second construct for the first transformation was re-transformed with the disrupting construct 
of CRISPR/Cas9, and transgenic seeds were selected on both green (by eGFP) and red (by DsRed) 
fluorescence signals and grown the next generation for genotyping and phenotyping. Genotyping 
analysis identified two mutative T2 lines (KS/kasI-9, KS/kasI-15) with insertion mutation in the 
target genes. One had a single nucleotide insertion, while the other had a two-nucleotide insertion 
close to the targeted sites; both resulted in shifting the open reading frames. Phenotypic 
observations showed that the two transgenic plants had comparable growth and development to 
the wild type, and no abnormal phenotypes were detected under the growth condition (Figure 5.4).  
To confirm the expression of the KS domain, two types of reverse transcription PCR (RT-
PCR) were performed in the complementation line. The total RNAs were isolated from the 7th-8th 
rosette leaves and the developing siliques at 14 days after flowering, and then reverse-transcribed 
to cDNAs (Baud et al., 2008). A semi-quantitative PCR analysis of the cDNAs showed that no 
expression of the KS domain was observed in the untransformed Arabidopsis control, but the 
expression of the KS domain could be obviously detected in both leaves and developing siliques 
of the complementation line (Figure 5.5a). A quantitative PCR analysis showed that the 
transcription level of the KS domain in developing siliques was 10-fold higher than that in leaves 
(Figure 5.5b). This result indicated that the KS domain guided by a seed-specific napin promoter 
indeed possessed significantly higher expression in developing seeds than leaves, but it did express 
in leaves, providing the function for complementing the KASI defective phenotype in Arabidopsis.  
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Figure 5.5 Transcriptional analysis of the KS domain in leaves and developing siliques of a 
complementation line. a. Expression of the KS domain and AtActin-2 in leaves and developing 
siliques of KS/kasI-9 analyzed by semi-quantitative RT-PCR. b. Expression of the KS domain in 
leaves and developing siliques of KS/kasI-9 analyzed by quantitative RT-PCR. KS/kasI, kasI 
mutant complementation line; WT-L, leaves of wild type; WT-S, siliques of wild type; CE-L, 
leaves of complementation line; CE-S, siliques of complementation line. Values are reported as 
the means of three biological replicates along with standard deviation. The means with the same 
letters are not statistically significantly different. Statistical analysis of the results was conducted 
using the one-way analysis of variance (P<0.05)  
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5.4.4 Seed-specific expression of the KS domain in wild type Arabidopsis 
To examine the impact of the KS domain in fatty acid biosynthesis and oil accumulation 
in Arabidopsis, the second construct expressing the domain under the seed-specific promoter was 
introduced into wild type Arabidopsis. Transgenic seeds were selected on a red fluorescence signal 
and propagated to the next generation. To confirm the expression of the KS domain, the total RNAs 
were isolated from the developing siliques of four transgenic lines (OE-6, OE-8, OE-13, and OE-
16) and reverse transcribed to cDNAs. A semi-quantitative PCR analysis of the cDNAs showed 
that the expression of the KS domain was much higher than that of the housekeeping gene AtActin-
2 (Figure 5.6a). A quantitative PCR analysis showed that the transcription levels of the KS domain 
were highly varied among the four lines.  The expression level of the KS domain in OE-6 was the 
highest, followed by OE-16 and OE-13, and OE-8 had the least expression (Figure 5.6b). 
Subsequently, the oil and mass of the seeds in these four transgenic lines were measured. As shown 
in Figure 5.7, all the transgenic lines accumulated more oil relative to the wild type control. The 
amount of oil in OE-6, OE-16, OE-13, and OE-8 was increased by 80%, 77%, 69% and 48%, 
respectively, over the control.  In particular, the level of monounsaturated fatty acids such as 
18:1and 20:1 was significantly higher in these transgenic lines over the wild type, the indicator of 
the seed triacylglycerol production previously seen (Lemieux et al., 1990).  In addition, the 
decrease of medium-chain fatty acid 14:0 and the increase of long-chain fatty acids of C16 and 
C18 and very long chain saturated fatty acid 20:0 were also observed in the transgenic lines (Table 
5.1). Intriguingly, the transgenic seeds were also significantly heavier, representing 1.4, 1.2, 1.4 
and 1.5-fold referring to the wild type, respectively. The percentages of lipid content in these 
transgenic lines exhibited the increases by 14.7% to 28.1% over the control. Nevertheless, no 
significant difference in the seed protein content was detected between these transgenic lines and 
the control (Figure 5.S2). These results indicate that expressing the KS domain can significantly 
increase both seed oil and seed mass in Arabidopsis.  
 90 
 
 
Figure 5.6 Transcriptional analysis of the KS domain in developing siliques of overexpression 
lines. a. Expression of the KS domain and AtActin-2 in the developing siliques of KS/WT analyzed 
by semi-quantitative RT-PCR. b. Expression of the KS domain in leaves and developing siliques 
of KS/WT analyzed by quantitative RT-PCR. WT, wild type; OE, overexpression. Values are 
reported as the means of three biological replicates along with standard deviation. The means with 
the same letters are not statistically significantly different. Statistical analysis of the results was 
conducted using the one-way analysis of variance (P<0.05) 
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Figure 5.7 The amount of oil, seed weight and oil content in transgenic seeds overexpressing the KS domain. a. the amount of oil 
per seed in the T2 seeds of overexpression lines; b. the seed weight of the transgenic lines; c. seed oil content of the transgenic lines. WT, 
wild type; KS/kasI, kasI mutant complementation line; OE: overexpression lines. Values are reported as the means of 10 biological 
replicates along with standard deviation. The means with the same letters are not statistically significantly different. Statistical analysis 
of the results was conducted using the one-way analysis of variance (P<0.05)
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Table 5.1 Analysis of fatty acid methyl esters (FAME) of the FA composition (mol%) from WT and OE lines. Numbers in each 
column refer to the relative molar ratios of the different FA with the total being 100%. Means and standard deviation of four independent 
samples are presented; US/S refers to the ratio of unsaturated/saturated FA. The asterisk indicates significant difference in fatty acids 
composition between transgenic plants and WT (* p < 0.05, ** p < 0.01). 
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5.4.5 Effect of the KS domain expression on early seedling growth in Arabidopsis 
To examine the growth effects of the KS domain, the phenotype of the transgenic 
Arabidopsis plants was carefully observed during the life cycle. No obvious phenotypical 
differences could be detected between transgenic and untransformed wild type control except for 
seed germination and early seedling growth. The seed germination rates of four transgenic lines 
were considerably higher (217%, 205%, 211 % and 203%) than that of the control (Figure 5.8a). 
The lengths of four-day seedlings of the transgenic lines were all longer compared to the wild type 
(Figure 5.8b). This result indicated the expression of the KS domain from the PUFA synthase in 
Arabidopsis could promote seed germination and seedling growth.   
 
 
 
Figure 5.8 Effect of KS domain expression on seed germination and early seedling growth in 
Arabidopsis. a. Germination rates of wild type (WT) and transgenic lines (OE) at 36 h of 
imbibition. b. The 4-day seedling length of WT and OE lines. WT, wild type; OE, overexpression 
lines. Values are reported as the means of 10 biological replicates along with standard deviation. 
The means with the same letters are not statistically significantly different. Statistical analysis of 
the results was conducted using the one-way analysis of variance (P<0.05) 
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5.5 Discussion  
In Thraustochytrium, the biosynthesis of VLCPUFAs is catalyzed by a PUFA synthase, a 
PKS-like mega-enzyme comprising three subunits each with multiple catalytic domains predicted 
on the characteristic active site residues (Meesapyodsuk and Qiu, 2016). However, the exact 
functions of these domains in the biosynthesis of these fatty acids are not characterized. Our 
previous study indicated that a dissected KS domain from subunit-B of the PUFA synthase from 
Thraustochytrium could complement the temperature sensitive phenotype of E. coli β-ketoacyl-
ACP synthase I mutant (FabB) and enhance unsaturated fatty acid and total fatty acid production 
in a wild type E. coli strain (Xie et al., 2017). In the present study, this domain was further 
functionally analyzed in Arabidopsis thaliana. As the kasI mutant of Arabidopsis was defective in 
growth and development, and not amenable for re-transformation to express the KS domain for 
the complementation test, we resorted expressing the KS domain in Arabidopsis first and 
disrupting the endogenous KASI genes subsequently using a CRISPR/Cas9 system. Two 
homozygous insertion mutants of the target genes on the KS-expressed background were identified. 
Both resulted in the open reading frame shifting, which leads to the inactivation of the KASI genes 
(Schiml & Puchta, 2016). In the two complementation lines, the defective phenotypes of kasI 
knockout mutant such as small seedlings and dwarf plants were not observed. This result indicates 
that the KS domain from the PUFA synthase can functionally replace KASI for the biosynthesis 
of fatty acids in Arabidopsis (Figure 5.4). The RT-PCR analysis showed that transcription of the 
KS domain was detected in both leaves and developing seeds under the napin promoter, although 
the transcription level in developing siliques was 10 times higher than that in leaves.  The similar 
expression pattern of the napin promoter has been seen in transgenic Brassica napus and tobacco 
(Ellerström et al., 1996; Kjell et al., 2016). Nevertheless, the level of the KS domain expression 
under the promoter was enough for the functional complementation in Arabidopsis. 
After the success of functional complementation, we then overexpress the KS domain in 
wild type Arabidopsis under the seed-specific promoter. The result showed that seed weight was 
increased by 20%–40%, and seed oil was increased by 14.70% to 28.16% in these transgenic lines. 
The degree of the increases was coincided with the expression level of the KS domain in the 
siliques of these transgenic lines (Figure 5.7). In addition, expression of the KS domain also had 
positive effects in seed germination and early seedling growth. This result suggests that the 
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expression of the KS domain from the PUFA synthase could boost the de novo biosynthesis of 
fatty acids, thereby increasing the oil content in transgenic seeds. 
In plant, the biosynthesis of long chain fatty acids occurs in plastids by a type II fatty acids 
synthase complex comprising multiple discrete enzymes (Magnuson et al., 1993). Among these 
enzymes, three β-ketoacyl-ACP synthases (KASI, KASII, KASIII) are key enzymes responsible 
for the condensing reaction, the first of four chemical reactions in a repetitive cycle of fatty acid 
synthesis by the addition of a two-carbon unit a time donated by malonyl-ACP to a primer acyl 
chain. KASIII catalyzes the first condensation of fatty acid synthesis between acetyl-CoA/ACP 
and malonyl-ACP, giving a C4 acyl chain. KASI catalyzes the subsequent condensation reactions 
from C4 to C16 acyl chains. KASII catalyzes the final condensation of fatty acid synthesis giving 
a C18 acyl chain. After the biosynthesis, long chain fatty acids are modified in cytosol and 
assembled into storage glycerolipids TAGs through the Kennedy pathway (Baud & Lepiniec, 
2010).  
In the past few years, several molecular strategies have been attempted to increase oil 
production in oilseed crops. One strategy is to increase fatty acid assembly into triacylglycerols by 
overexpressing acyl-CoA acyltransferase in the Kennedy pathway. For instance, an overexpression 
of lysophosphatidic acid acyltransferase (LPAAT) or DGAT1 significantly increase oil contents 
in seeds. Fatty acid profile in the oil would be determined by substrate specificity of acyl-CoA 
acyltransferases used for fatty acid acylations (Jako, 2001; Savadi et al., 2015). Another strategy 
is to increase the efficiency of fatty acid synthesis prior to the assembly by overexpression of 
enzymes directly involved in the biosynthetic process. For instance, over-expression of ACCase 
resulted in the increase of oil content (Roesler et al., 1997; Cui et al., 2017; Gu et al., 2017). In 
this strategy, fatty acid profile of the oil would be similar to the wild type. In the present study, the 
expression of the KS domain from the PUFA synthase significantly enhanced oil content in 
transgenic lines and at the same time the fatty acid profile of seed oil was also altered to the higher 
proportion of unsaturated fatty acids. This result indicates the condensation process, particularly 
the condensation steps from C4 to C16, during the fatty acid biosynthesis might be the limiting 
step, over-expression of the KS domain, although it only shares about 20% amino acid identity to 
Arabidopsis KASI, can increase seed oil and seed mass simultaneously in Arabidopsis. The reason 
why the amount of unsaturated fatty acids was also increased in the transgenics remains to be 
determined. It is probably due to the unique activity of the KS domain of microbial original. 
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Overexpression of the domain may not only enhance the condensation reaction, but also stimulate 
the activity of down-stream fatty acid modifying enzymes such as acyl-ACP and phospholipid 
desaturases and FAE type elongases for altering fatty acid profile.  
In summary, seed oil is an important renewable bioresource for food and bioproducts. This 
research provides a new strategy to enhance oil and unsaturated fatty acid production by expressing 
a KS domain from type I fatty acid synthase-like enzymes such as PUFA synthases and polyketide 
synthases of microbial origin in oilseed crops for nutritional and industrials uses. 
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5.6 Supplemental Data 
Table 5.S1 Primers used for this study  
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Figure 5.S1 Comparison of sequences surrounding the sgRNA sequences in the KASI genes. 
KASI, original KASI; KasI, kasI knockout mutant; KS/kasI, KasI knockout mutant with KS domain; 
Blue boxes represent PAM sites and Green boxes represent the target sites. 
 
 
 
Figure 5.S2 Protein content in transgenic seeds overexpressing the KS domain. Values are 
reported as the means of 4 biological replicates along with standard deviation. The means with the 
same letters are not statistically significantly different. Statistical analysis of the results was 
conducted using the one-way analysis of variance (P<0.05) 
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CHAPTER 6. GENERAL CONCLUSIONS AND DISCUSSIONS 
 
The present doctoral thesis was guided by the following hypotheses: DHA biosynthesis by 
a PUFA synthase in Thraustochytrium involves coordinated activity of multiple catalytic domains 
such as KS, KR, MAT, ACP, DH and ER domains. Among these domains, KS and DH domains 
are for positioning double bonds during the biosynthetic process. Specifically, (1) the KS domains 
are capable to catalyze the condensation of unsaturated acyl-ACP with malonyl-ACP, resulting in 
retaining a double bond in the acyl chain. (2) The DH domain can catalyze the specific dehydration 
and isomerization of hydroxyl acyl-ACP to introduce a cis double bond in the acyl chain. 
Coordination of these two types of domains can position multiple double bonds in VLCPUFAs 
intricately. (3) KS-B domain from a PUFA synthase could cooperate with other components of 
type II FAS for fatty acid biosynthesis in bacteria and plants. The overall objective of this research 
was to understand VLCPUFA biosynthesis catalyzed by the PUFA synthase in Thraustochytrium 
with focus on the functions of two catalytic KS and DH domains.  
(1) Functional analysis of KS domains from PUFA synthase of Thraustochytrium  
Biosynthesis of VLCPUFAs in Thraustochytrium is solely catalyzed by a PUFA synthase 
with multiple catalytic domains (Meesapyodsuk & Qiu, 2016). However, limited information is 
available on how multiple double bonds are positioned in VLCPUFAs and what the functions of 
these domains are, particularly DH and KS domains for introducing and retaining double bonds 
during the biosynthesis of VLCPUFAs.  
In the first study, we aimed at functionally analyzing two KS domains from a PUFA synthase with 
three subunits in Thraustochytrium. On the basis of the sequence analysis including homology 
search, multiple sequence alignment and homology modeling, one KS domain (KS-A) was 
identified in subunit-A while the other KS domain (KS-B) was found in subunit-B of the synthase. 
In addition, one CLF domain, which shares sequence similarity to KS domain, but lack  the active 
site residues, was also found to be adjacent to KS-B domain. The two KS domains have amino 
acid sequence identity with each other at about 20% and both share similar sequence similarity 
with FabB and FabF. To characterize functions of these two KS domains of PUFA synthase, both 
KS domains were expressed in E.coli β-ketoacyl-ACP synthase mutants (FabB and FabF) for 
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complementation assay, site-directed mutagenesis analysis. The complementation test of a FabB 
Ts mutant showed that both KS domains could complement the defective growth phenotype. 
Specifically, the FabB mutant expressing KS domains could grow normally at a non-permissive 
temperature. Fatty acid analysis confirmed that the mutant transformants with  KS domains from 
either subunit-A and subunit-B produced a high level of UFAs to sustain the growth at the non-
permissive temperature (42°C), as seen in the wild-type strain. In addition, expression of KS 
domain from both subunit-A and subunit-B in a FabF knockout mutant could complement the 
defective phenotype by increasing the fatty acids production. However, KS-B domain is more 
similar to FabB as it could accumulate a higher level of UFAs as FabB did, while KS-A, like FabF, 
could improve the overall production of fatty acids, particularly for the production of SFAs, 
suggesting that KS-A is comparable to FabF in catalytic function.   
Studying the molecular mechanism of the PUFA synthase for the biosynthesis of 
VLCPUFAs is challenging since this mega-enzyme is encoded by three large ORFs along with 
high G/C content and repetitive domain sequences; thus, cloning and expression of this large DNA 
fragments in heterologous systems for functional characterization are difficult. The PUFA 
synthase is a mega-enzyme, the borderlines of all the catalytic domains remain unclear, therefore, 
efforts on defining the boundary of domains are required. In addition, Thraustochytrium is not 
amenable to genetic manipulation and effective heterologous expression systems are not available. 
In this study, we utilized bioinformatics tools to dissect the PUFA synthase sequence into small 
fragments containing intact catalytic domains, and then expressed the embedded domains as 
standalone enzymes in E. coli for functional analysis. Successful complementation and functional 
expression of the KS domains in E. coli is the first step towards the future in vitro enzymatic assays 
with purified domain proteins and other components for elucidating the molecular mechanism for 
the condensation reactions in the biosynthesis of VLCPUFAs.   
 (2) Functional analysis of the DH domains of PUFA synthase from Thraustochytrium  
Intrigued by the finding from the first study of this thesis that the embedded KS domains 
of PUFA synthase could function as standalone enzymes in E. coli, we then functionally analyzed 
DH domains from the same PUFA synthase in the similar way. According to sequence analysis, 
there are three DH domains in the PUFA synthase of Thraustochytrium, one in the C-terminal 
region of subunit-A (DH-A) and the other two in the N-terminal region of subunit-C (DH1-C and 
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DH2-C). The sequence comparison showed that DH-A shares very low sequence similarity to 
DH1/DH2-C and E.coli FabA/Z, and modest sequence similarity including conserved active site 
motifs to the DH domains from PKS. Two DH domains from subunit-C (DH1-C and DH2-C) 
share only 15% sequence identity with each other, but 32% and 27% identity with E. coli FabA, 
including conserved active site motifs. 
To characterize the functions of DH domains, these domains were expressed in an E.coli 
temperature-sensitive mutant defective in β-hydroxyacyl-ACP dehydratase (FabA) activity. 
Results showed that the mutant expressing DH domains of PUFA synthase, like the control, could 
grow on a non-permissive temperature. Fatty acids analysis showed that the amounts of fatty acids 
such as 16:0 and 18:1-11 were significantly higher in the mutant expressing the DH domains than 
those in the mutants with empty vector. This result indicates that the DH domains possess similar 
functions of β-hydroxyacyl-ACP dehydratase. Site-directed mutagenesis was conducted on DH 
domains by replacing the putative active site residues (Asp/Glu) to alanine. The mutated DHs were 
expressed in both FabA mutant and wild type E. coli strains. Complementation assay in the FabA 
mutant with mutated DHs showed when the conserved residue (Asp/Glu) was changed to an 
alanine residue, the substitutions could not correct the defective phenotype of the mutant, 
confirming the critical role of this amino acid in defining the catalytic activity in those DH domains. 
Interestingly, overexpression of mutated DH domains from subunit-C (DH1-M-C and DH1-M-C), 
but not mutated DH domain from subunit A (DH-M-A), showed the “dominant negative mutation 
effect”, resulting in a significant reduction of fatty acid production relative to the wild type control. 
A combination of evidence from sequence comparison, functional expression and mutagenesis 
analysis indicate that DH domain from subunit-A might function as a common dehydratase mainly 
responsible for introducing a 2-trans double bond, while tandem DH domains from subunit-C 
might introduce a 3-cis double bond during the biosynthesis of VLCPUFAs in Thraustochytrium.  
(3) Functional analysis of the KS-B domain of PUFA synthase in Arabidopsis 
The result of study 1 indicates KS-B domain plays a role comparable to FabB or β-
ketoacyl-ACP synthase, catalyzing the main condensation reactions in bacterial type II fatty acid 
synthesis. To investigate how KS-B functions in plant type II fatty acid synthesis, this domain was 
expressed in model plant Arabidopsis thaliana. 
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Comparison of the KS-B domain with KASI enzymes from plants showed that it shares 
only about 20% amino acid sequence identity with KAS I from Arabidopsis thaliana, Jatropha 
curca, Nicotiana tabacum and Oryza sativa throughout the entire sequence; however, key residues 
including important ones for catalytic function were highly conserved in the domain. The function 
of KS-B was first analyzed in Arabidopsis kasI mutants which were generated by CRISPR/Cas9. 
Defective growth phenotypes such as small seedlings and dwarf plants were observed in kasI 
knockout mutants, but not in a kasI mutant expressing KS-B domain. This result indicates that the 
KS-B domain from the PUFA synthase can functionally replace KASI for the biosynthesis of fatty 
acids in Arabidopsis. Subsequently, KS-B domain was overexpressed in wild type Arabidopsis 
under a seed expression promoter. The result showed that overexpression of the domain in 
Arabidopsis could enhance seed oil content and seed weight, and promote seed germination and 
early seedling growth. These data indicate that expressing a KS domain from mega-enzymes such 
as PUFA synthases and polyketide synthases of microbial origin can be used to improve oil 
production in oilseed crops for nutritional and industrials uses.  
(4) Significance  
PUFA synthase responsible for the biosynthesis of VLCPUFAs in Thraustochytrium 
comprises multiple catalytic domains including KS, KR, MAT, ACP, DH and ER domains. 
However, the catalytic functions of these domains are largely unknown. The research work 
presented in this thesis attempted to analyze the functions of two important domains, KS and DH, 
from a PUFA synthase in Thraustochytrium by complementation assay, site-directed mutagenesis 
and overexpression in E. coli and Arabidopsis. Results obtained from this thesis research provides 
an insight into molecular mechanism underlying the biosynthesis of VLCPUFAs by PUFA 
synthase and offers novel biotechnological strategies for improving fatty acid and oil production 
in oilseed crops using catalytic domains of PUFA synthase of microbial origin.  
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CHAPTER 7. FUTURE DIRECTIONS 
 
Demand for VLCPUFAs such as ARA, EPA and DHA in the global market is increasing 
due to the public awareness of potential health benefits of these fatty acids such as vision 
development, brain performance, and protection against cardiovascular and immunological 
diseases (Reich et al., 2001; Diau et al., 2005; Deckelbaum et al., 2006; Mukherjee et al., 2007; 
Hadders-Algra, 2010). Traditional source for VLCPUFAs is marine fish such as salmon, trout, 
mackerel, and others. However, this source of VLCPUFAs is unsustainable due to overexploitation, 
environmental pollution and climatic change leading to reduced fish population. Engineering 
VLCPUFAs in oilseed plants and oleaginous microbes is an attractive alternative and has recently 
drawn much attention from lipid research community and nutraceutical industries. 
Thraustochytrium is a marine protist which can produce more than 50% DHA, and 63% 
VLCPUFAs in storage lipids (Meesapyodsuk & Qiu, 2016); thus, understanding the mechanism 
for VLCPUFA biosynthesis in this species could provide an opportunity for us to develop a new 
source of VLCPUFAs through reconstructing the VLCPUFA biosynthetic pathway in plants and 
microbes.  
The aerobic pathway for DHA biosynthesis in microorganisms was first discovered by 
identifying a ∆4 desaturase in Thraustochytrium (Qiu et al., 2001). Different from that in mammals 
where DHA is synthesized by two elongations of EPA (20:5n-3), one ∆6 desaturation and one β-
oxidation, biosynthesis of DHA in this species can go through one elongation of EPA and one ∆4 
desaturation. This discovery opens opportunities for constructing an artificial DHA biosynthetic 
pathway in plants (Wu et al., 2005) where a number of desaturases including ∆4 desaturase and 
elongases are employed. As a result, DHA can be produced in transgenic plants by heterologous 
enzymes from microbes. Since then, tremendous progress has been made in producing DHA in 
oilseed crops by using this pathway (Petrie et al., 2012; Usher et al., 2015). However, engineered 
aerobic pathway in plants can produce undesirable intermediate fatty acids such as SDA (18:4n-
3), DGLA (20:4n-3) and ETA (20:4n-3) (Qiu, 2003). 
Recently, the anaerobic pathway in the biosynthesis of VLCPUFAs catalyzed by PUFA 
synthase has drawn attention since it produces a low level of intermediate side-fatty acids. This 
pathway was first discovered in Schizochytrium (Metz et al., 2001) and later reconstituted in 
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bacteria such as E. coli and Lactococcus lactis (Meesapyodsuk & Qiu, 2016; Amiri-Jami et al., 
2014). Engineered microorganisms successfully produced EPA and/or DHA. Very recently, the 
pathway has also been engineered in Arabidopsis and Canola successfully using four ORFs 
(ORFA, B, and C) of a PUFA synthase along with a phosphopantetheinyl transferase (PPT) (Metz 
et al., 2006; Walsh et al., 2016). Transgenic seeds are capable of synthesizing DHA and DPA. 
However, both Arabidopsis and Canola transgenic seeds produced only 0.8% DHA over total fatty 
acids. The possible reason for low DHA production might be the low activity of heterologous 
PUFA synthase in transgenic plants. Hence, further optimization of the pathway by improving 
activity of PUFA synthase in oilseeds is required. PUFA synthase from Thraustochytrium is a 
large enzyme comprising more than 7000 amino acids, and some of the sequences or domains 
might be redundant in function or not essential for DHA biosynthesis. Thus, functional analysis of 
domains and sequence motifs would help us to understand the catalytic mechanism of the PUFA 
synthase and optimally implement this pathway in heterologous systems.  
Several functional analyses of domains in PUFA synthases have recently been made by 
dissection and expression in microorganisms. Overexpression of key domains of a PUFA synthase 
could improve the yield of DHA produced. For example, introducing more ACP domains into an 
engineered PUFA synthase of Shewanella oneidensis enhanced DHA production in E. coli (Shohei 
et al., 2016). In addition, overexpression of pks3 gene (encoding ER and DH domain) of a PUFA 
synthase in Aurantiochytrium limacinum could enhance both DHA and total fatty acid content in 
this species (Liu et al., 2018). Therefore, our identification and characterization of key domains 
such as KS and DH domains would not only provide insights into the functions of these domains 
in PUFA synthase but also offer strategies for improving the fatty acid biosynthetic efficiency 
through engineering these domains. For instance, our study showed that overexpression of KS-A 
domain could significantly improve total fatty acid production and expression of KS-B domain 
could enhanced UFAs. Consequently, improved expression of KS-B by doubling the domain in 
the PUFA synthase might boost the DHA production. On the other hand, two tandem DH domains 
in subunit-C might have overlapping activity; thus, deleting one DH domain might be possible 
without compromising the dehydratase activity required for DHA synthesis. Our study also 
showed that KS-B domain could work with other components of plant type II fatty acid synthase 
leading to improved oil production in model plant Arabidopsis. This research could be extended 
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to oilseed plants to see if the same phenomenon would be observed. If so, this will open an 
opportunity for improving oil production in oilseed crops. 
PUFA synthase in Thraustochytrium comprises three subunits each with multiple domains. 
Function of a protein depends on its three-dimensional structure. Therefore, crystal structure 
analysis of the PUFA synthase is necessary for the complete elucidation of its catalytic mechanism. 
However, the crystal structure of PUFA synthase is currently not available due to several reasons. 
(1) The PUFA synthase contains more than 7000 amino acids which is too large to express at a 
high level in heterologous systems. (2) Isolation of this mega-enzyme in the high degree of purity 
for crystallization is difficult; (3) It is challenging for the mega-enzyme to maintain the active 
structure during the crystallization process. However, analyzing the crystal structure of a 
functional domain from the PUFA synthase would be amenable. Our study showed that dissected 
KS and DH domains could be highly expressed as the soluble enzymes in E.coli. Thus, these 
domain proteins would be easily purified through a nickel column if a His-Tag is introduced in 
combination with other chromatography techniques for crystal structure analysis. Three 
dimensional structure information of the crystallized domains would provide insight into catalytic 
mechanisms of individual domains of the PUFA synthase for the biosynthesis of DHA in 
Thraustochytrium.   
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